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Abstract 
Acting like an engineer in high school 
Katie Barry 
Engineering is a relevant tool to solve current challenges in a variety of fields. There is a 
demand for engineers in the workforce and a method to solve that demand is to introduce 
students to engineering prior to college coursework. One of the ways that students can 
engage with engineering earlier is through engineering design projects. This research takes 
place in a high school setting and engages freshmen in an engineering design project. Four 
groups of student participants were included in the research. The students conducted video 
recordings, which were analyzed to determine the abilities that students possessed in a design 
project. Students were given a modified engineering design cycle to provide structure and 
guidance for their work throughout the project. The engineering design cycle is a method 
used to solve problems. The final step of the project was for each group to create a video 
from their video recordings that explained their engineering design process.  
Generally, students did not spend a lot of time in the understanding, brainstorming, or 
planning phases of the design cycle. However, they did spend a lot of time designing and 
improving their design. The communication that the students exhibited through their videos 
varied. Two of the groups had effective communication styles and were able to describe their 
process, while two of the groups were not effective communicators and did not correctly 
describe their process. The project offered a scholarly contribution to the field of engineering 
by highlighting engineering for high school students, promoting the use of the engineering 
design cycle, and demonstrated how students can act like an engineer given an engineering 
design project.  
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Chapter 1: Introduction 
The need for innovation and education are necessary for the United States to remain 
competitive with other countries. There is a need for more engineers and scientists to create 
this innovation. The U.S. Congress (2006) claimed that half of the engineers in the United 
States will retire with the baby boomer generation, thus, creating a growing need to replenish 
the pool of science, technology, engineering, and math (STEM) professionals (Taningco, 
Matthew, & Pachon, 2008). This need for innovation and increase in the number of engineers 
entering the industry creates another issue: interested and motivated students participating in 
a STEM career. The “STEM pipeline” is often referred to in literature as the pathway from 
elementary school to a STEM career (Ashbacher, Li, & Roth, 2010; Hill, Corbett, & St. 
Rose, 2010). This concept promotes the idea that if more students study STEM fields earlier 
in school, then more students will persist in pursuing STEM careers (Ashbacher et al., 2010).  
However, Blickenstaff (2005) has referred to this pipeline as a “leaky pipeline,” 
because many students are initially interested in STEM careers, but choose other careers later 
(Blickenstaff, 2005, p. 369). Many students have entered this pipeline, but at some point, 
they choose to leave a STEM major. For instance, Griffith (2010) utilized data from the 
National Education Study of 1988, a longitudinal study that established who persisted in the 
pipeline and the characteristics of that group. She examined the factors that contributed to 
persistence in STEM majors and discovered that a smaller percentage of women and 
minorities persisted in STEM field majors when compared to White male students (Griffith, 
2010). Further analysis of the data by Griffith (2010) demonstrated that the difference in 
“preparation and educational experiences” explained most of the differences (p. 1).  
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Preparation and educational experiences are thus vital to create opportunities for more 
culturally diverse students to enter STEM fields and to persist in those majors. Incorporating 
women and minorities into this STEM pipeline is an opportunity to increase the number of 
STEM workers.  One method of expanding the engineer base is to promote STEM earlier in 
the United States (Malcom, 2008; Taningco et al., 2008; Wang, 2013). STEM occupations 
are expected to grow in the United States, yet there are not enough students majoring in 
STEM to fill these occupations. Beede et al. (2011) suggests that “STEM occupations are 
projected to grow by 17.0 percent from 2008 to 2018, compared to 9.8 percent growth for 
non-STEM occupations” (p. 1).      
One of the new education reforms is to promote STEM in high schools to address the 
lack of students preparing to enter the STEM workforce. Ward and Fontecchio (2012) stated 
that there has been a decline in the number of undergraduate and graduate students in science 
and engineering majors. The E in STEM represents engineering, which is an emerging 
subject in high school and there have been movements to incorporate engineering 
experiences into the classroom (Apedoe, Reynolds, Ellefson, & Schunn, 2008). Another 
approach to incorporate engineering is to create STEM-focused high schools that generate 
interest in STEM fields and prepare students for future careers in these fields, which is a 
promising route to solve the issue of the lack of STEM workers (Barakos, Lujan, & Strang, 
2012). The idea is to generate high school students who are “engineering literate” earlier so 
that they choose engineering as a major in college (Robinson & Kenny, 2003, p. 95). The 
purpose of these schools and programs is to introduce students to STEM disciplines, 
specifically engineering, and create experiences for students earlier than college.  
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Research Project 
 Because there is a need to expose students to engineering earlier, this research project 
will examine how high school students engage in the engineering design cycle. To support 
engineering in K-12, the National Research Council (NRC) wrote a Framework for K-12 
Science Education and proposed engineering practices and ways of thinking to guide schools 
(NRC, 2012). The Next Generation Science Standards (NGSS) were written from the NRC 
Framework for K-12 Science Education and now include engineering in the standards for 
science (NGSS Lead States, 2013). There are two ways that engineering is incorporated in 
the NGSS: (1) Scientific and Engineering Practices and (2) a vision for engineering design in 
the science curriculum (NGSS Lead States, 2013, Appendix I).  This inclusion of engineering 
standards begins in elementary school and is supported through high school. The inclusion of 
engineering into the sciences will offer greater exposure of engineering to students from a 
younger age.  
 The first component of the inclusion of engineering into the NGSS was to incorporate 
Scientific and Engineering Practices. The Scientific and Engineering Practices were procured 
from the Framework for K-12 Science Education (NRC, 2012). The reasoning for the 
inclusion of the engineering practices as stated from the NRC are: “Engaging in the practices 
of engineering likewise helps students understand the work of engineers, as well as the links 
between engineering and science” (2012, p. 42). These practices are derived from the work 
of scientists and engineers (NGSS Lead States, 2013, Appendix F). These practices give 
students and teachers a lens to understand engineering.  
 The second component of the inclusion of engineering in K-12 is the emergence of 
students engaging in engineering design. The NRC (2012) defines engineering design, “From 
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a teaching and learning point of view, it is the iterative cycle of design that offers the greatest 
potential for applying science knowledge in the classroom and engaging in engineering 
practices” (p. 201). The authors of the NGSS believed engineering design should be raised to 
the same level as scientific inquiry in the classroom (NGSS Lead States, 2013).  A formal 
definition of engineering design offered by the Accreditation Board of Engineering and 
Technology (ABET) states that “Engineering design is the process of devising a system, 
component, or process to meet desired needs. It is a decision-making process (often 
iterative), in which the basic sciences, mathematics, and engineering sciences are applied to 
optimally convert resources to meet a stated objective” (ABET, 2003, p. 4). The ABET 
definition is used for college students, but various other engineering design cycles appear in 
the literature regarding K-12 students. The engineering design cycle is an engineer’s basic 
approach to problem solving (NRC, 2012). The design process is meant to demonstrate the 
progression that engineers follow when trying to answer an engineering problem. The 
literature review will examine various frameworks that have been created for engineering 
design.  
 There is, however, a lack of research at the high school level regarding how students 
learn engineering practices through design projects and how this affects students’ thinking 
about engineering. This lack of research is a reason why research on high school engineering 
courses is important. With the emergence of engineering in K-12 and the need to understand 
how students are thinking about engineering, this leads to the following research questions:  
1) Given an engineering design project, how do students “act” like an engineer in high 
school? 
2) How do high school students communicate about the design process?
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Chapter 2: Literature Review 
 To contextualize these research questions, the literature review will begin by 
describing the types of literature regarding engineering and the standards regarding 
engineering and the engineering design cycle frameworks that are used to teach problem-
solving skills through an engineering perspective to students in grades K-12. The NGSS and 
Science and Engineering Practices will be reviewed to understand the expectations of 
students regarding engineering in the science standards. One of the instructional methods 
used to teach students how to think like an engineer is derived from the engineering design 
cycle frameworks. This research on design projects in K-12 will be reviewed. The purpose of 
the literature review is to understand what acting like an engineer looks like when students 
are engaged in engineering design and to identify gaps in what is known about engineering 
practices in regular high school classrooms.  
Types of Engineering Literature  
The literature surrounding engineering in high school is growing as engineering’s 
importance is gaining national prominence. To understand the literature surrounding 
engineering design, I went systematically through these journals, looking at the last 5 years: 
International Journal of Engineering Pedagogy, Journal of Engineering Education, 
Research in Science and Technological Education, Advances in Engineering Education, and 
American Journal of Engineering Education. In addition, I also did a search of the ERIC 
database for engineering research at the high school level. I classified the articles found into 
different types of literature that have been written regarding engineering design. The types of 
research regarding engineering design in the classroom are organized around these topics: 
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lesson ideas, design projects outside the regular classroom setting, design projects using a 
curriculum, and best practices for STEM classes. The few studies about classroom practices 
will be reviewed later in this chapter.  
First, I will give a few examples of lesson ideas using engineering design. For 
example, the research by Chien (2017) compared students’ outcomes from a design project 
about, dragster cars. The author compared groups of students who used a 3D printer versus 
manual creation of the dragster (Chien, 2017). Students in the 3D printer car group were able 
to make more precise models (Chien, 2017). This study compared the outcomes of students 
in two groups, the 3D printed group versus the manual creation group. The outcomes Chien 
(2017) discovered were that the student in the 3D printed group were able to create original 
and sophisticated designs.  Although the study is informative regarding engineering design, it 
does not tell how engineering design is useful in a classroom setting. Another example is of a 
physics lesson that incorporated engineering design by having students engage in a computer 
simulation to teach conceptually hard physics content (Huang, Becker, Mejia, & Neilson, 
2015). This suggestion for a lesson was based on surveys of teachers that determined that 
electromagnetism is hard to teach and a method to teach it could be to use engineering design 
(Huang, Becker, Mejia, & Neilson, 2015). This lesson suggestion is also useful for the 
promotion of engineering however, it does not demonstrate what students can do towards 
engineering in the classroom.  
Research on engineering design also appears in the literature outside of the regular 
classroom setting. An example of this situation would be the School for Science and Math at 
Vanderbilt (Eeds et al., 2014). Students attended this program to improve their STEM skills 
for 1 week during the year and 3-6 weeks during the summer (Eeds et al., 2014). Over the 4 
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years in the program, students took 7 science classes in which the curriculum focused on 
STEM. Eeds et al. (2014) determined the success of their program by student surveys, 
college readiness surveys, student achievement on state testing, and student awards. The 
after-school program was informative because the students seemed successful in learning 
STEM content. However, this after school program is not similar to a regular classroom. The 
class size was small, the motivation factor to attend an after-school program was different 
than during the school day, and the authors did not specifically determine what the students 
learned regarding STEM. 
Additionally, there are numerous articles about engineering design using a specified 
curriculum. However, these curricula can cost money to use, and may not represent what 
happens in most classrooms. For example, Wilhelmsen and Dixon (2016) examined Project 
Lead the Way Curriculum (PLTW) and Efficient by Design (EbD) investigated engineering 
design indicators for their students. The authors analyzed the content that was included in the 
curricula to identify key engineering indicators. These engineering indicators were then sent 
to engineering experts to rank their importance (Wilhelmsen & Dixon, 2016).  Experts 
ranked Engineering and Human Values among the highest of importance for engineering 
students to understand (Wilhelmsen & Dixon, 2016). Although the information is useful 
regarding engineering design, this study does not demonstrate what happens in the classroom 
regarding engineering design.  
Some of the research provides evidence of what is determined as effective instruction. 
Through interviews of STEM teachers, Kasza and Slater (2017) identified effective 
instruction of STEM academies, which included problem solving and soft skills. Soft skills 
included: communication, collaboration, presentation skills, and time management (Kasza & 
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Slater, 2017). Specifically, Kasza and Slater (2017) further identified that problem solving 
included an abbreviated engineering design process as a method to solve problems. 
Additionally, Morrison, Roth McDuffie, and French (2015) found that problem solving was a 
key component of classes at a STEM high school they researched. The researchers also found 
that collaboration and social interactions were key components that promoted the students’ 
learning of STEM content (Morrison et al., 2015). STEM academies are a useful method to 
learn STEM however, it is important to better understand how students actually engage in 
engineering design.  
These articles demonstrate the growing importance of engineering education and its 
promise for becoming an important part of education. However, they do not inform about 
what happens in classrooms and the actual capabilities of students to engage in engineering 
design. The next section will define engineering design in more detail.  
Engineering Design Definition 
Engineering design is incorporated in the new science standards in K-12. It is 
important to understand how engineering design has been defined because the central theme 
of this research is surrounding engineering design.  The engineering design cycle models 
how an engineer thinks when trying to solve a problem. More specifically, there is an 
evaluation of the thought process that an engineer undergoes when trying to design a solution 
to a problem. By including engineering design in the classroom, the goal is to develop the 
students’ thinking so that they can learn “engineering habits of thought” (Householder & 
Hailey, 2012, p. 5). Students enter school with a variety of backgrounds in math, science, and 
engineering. Engineering design is a component of engineering that all students can 
participate in, regardless of math and science ability, because it relies on a process rather than 
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content knowledge.  Becker and Mentzer (2015) stated that focusing on engineering design 
offers students the aptitude to solve real world problems. Becker and Mentzer (2015) 
discovered in their research that there were changes in design thinking between high school 
freshmen, seniors, and engineering experts. The authors confirmed that the process involved 
with engineering design can enhance the knowledge and abilities of students and can help to 
create a pathway of engineering for students. 
Furthermore, engineering design can allow students to begin to solve engineering 
challenges. The process that is taken when trying to solve these engineering challenges is 
referred to as the engineering design process. The NRC (2012) refers to engineering design 
through reference to science, “Like scientific investigations, engineering design is both 
iterative and systematic. It is iterative in that each new version of the design is tested and 
then modified, based on what has been learned up to that point. It is systematic in that a 
number of characteristic steps must be undertaken” (p. 46). Householder and Hailey (2012) 
also agreed that engineering design should allow students to “…frame the problem 
iteratively, test and evaluate their ideas, generate and construct prototypes (where 
applicable), and balance competing constraints and criteria in order to create an optimal 
solution and communicate their work to stakeholders” (Householder & Hailey, 2012, p. 5). 
Figure 1, is an example of the engineering design process that is in the form of a cycle that 
engineers use to solve problems (National Science Foundation, 2003). 
  
 
24 
 
 
Figure 1. The engineering design process 
Figure 1. The engineering design process. Reprinted from “Teach engineering curriculum for 
k-12 educators” by National Science Foundation, 2003.  
 
This engineering design process follows a circular path, but is often referred to as 
iterative, meaning that steps can be repeated to make improvements (National Science 
Foundation, 2003).  During the first two phases, students will ask questions about what they 
want to create and research the idea. Next, students will imagine solutions, which includes 
brainstorming with their team to come up with as many solutions as possible. Students revisit 
the first three steps to determine their plan and select one solution and proceed with their 
idea. The next phase is create, in which students build a prototype that meets the constraints 
and solutions that the team brainstormed. Students then test and evaluate their prototype and 
decide if it worked or decide the changes that need to be made. During the last phase 
improve, the team decides what needs to be improved and redesigns the prototype as needed 
(National Science Foundation, 2003). These phases incorporate key skills that students need 
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to have in order to solve current and future problems (NGSS Lead States, 2013). The 
information in Table 1 describes, in more detail, the questions and concepts that students 
should contemplate during each phase of the design cycle according to the National Science 
Foundation (2003).  
Table 1 
Descriptions of the Engineering Design Process 
Phase of the 
Process 
Description 
Ask: 
Identify the 
Need and 
Constraints 
Engineers ask critical questions about what they want to create, whether it be a 
skyscraper, amusement park ride, bicycle or smartphone. These questions include:  
What is the problem to solve? 
What do we want to design? 
Who is it for? 
What do we want to accomplish? 
What are the project requirements? 
What are the limitations? 
What is our goal? 
Research 
the 
Problem 
This includes talking to people from many different backgrounds and specialties 
to assist with researching what products or solutions already exist, or what 
technologies might be adaptable to your needs. 
Imagine: 
Develop 
Possible 
Solutions  
You work with a team to brainstorm ideas and develop as many solutions as 
possible. This is the time to encourage wild ideas and defer judgment! Build on 
the ideas of others! Stay focused on topic, and have one conversation at a time! 
Remember: good design is all about teamwork!  
Plan: Select 
a Promising 
Solution 
For many teams this is the hardest step! Revisit the needs, constraints and 
research from the earlier steps, compare your best ideas, select one solution and 
make a plan to move forward with it. 
Create: 
Build a 
Prototype 
Building a prototype makes your ideas real! These early versions of the design 
solution help your team verify whether the design meets the original challenge 
objectives. Push yourself for creativity, imagination and excellence in design. 
Test and 
Evaluate 
Prototype 
Does it work? Does it solve the need? Communicate the results and get feedback. 
Analyze and talk about what works, what doesn't and what could be improved. 
Improve: 
Redesign as 
Needed 
Discuss how you could improve your solution. Make revisions. Draw new 
designs. Iterate your design to make your product the best it can be. 
And now, REPEAT! 
Note. Reprinted from the teach engineering curriculum for K-12 educators by the National 
Science Foundation. Copyright 2003 by National Science Foundation. 
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Engineering Design in the NGSS. A Framework for K-12 Science Education was 
the first part of the process to create new standards for science education (NRC, 2012). The 
vision held by the NRC (2012) was “1) educating all students in science and engineering and 
2) providing the foundational knowledge for those who will become the scientists, engineers, 
technologists, and technicians of the future” (p. 10). The NRC (2012) described a vision for 
the engineering practices: how these practices help students engage in the science and 
engineering practices, and how to utilize their understanding to deepen their knowledge in 
the field. The NGSS were then written collaboratively using the framework put forth by the 
NRC (NRC, 2012).  
The NGSS (2013) were written to include three dimensions of learning science: 
crosscutting concepts, disciplinary core ideas, and science and engineering practices (NGSS 
Lead States, 2013). The Science and Engineering Practices were adopted from the 
Framework for K-12 Science Education and describe expectations of how students can 
engage in the practices of scientists and engineers (NGSS Lead States, 2013). These eight 
practices are intended to reflect the practices of scientists and engineers and offer students a 
way to “deepen their understanding of each field’s disciplinary core ideas” (NRC, 2012, p. 
2). Table 2 summarizes the eight practices and demonstrates the differences in the habits of 
scientists and engineers.  
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Table 2  
Science and Engineering Practices  
Science and Engineering 
Practices 
Scientist Engineer 
1) Asking questions and 
defining problems  
 
A practice of science is to ask and 
refine questions that lead to 
descriptions and explanations of (1) 
how the natural and designed world(s) 
works and (2) can be empirically 
tested. 
Engineering questions clarify 
problems to determine criteria 
for successful solutions and 
identify constraints to solve 
problems about the designed 
world. 
2) Developing and Using 
Models 
A practice of both science and engineering is to use and construct models 
as helpful tools for representing ideas and explanations.  
3) Planning and Carrying 
Out Investigations 
Scientists and engineers plan and carry 
out investigations in the field or 
laboratory by working collaboratively 
as well as individually. Their 
investigations are systematic and 
require clarifying what counts as data 
and identifying variables or parameters. 
Engineering investigations 
identify the effectiveness, 
efficiency, and durability of 
designs under different 
conditions. 
4) Analyzing and 
Interpreting Data 
Scientific investigations produce data 
that must be analyzed in order to derive 
meaning. 
Engineering investigations 
include analysis of data collected 
in the tests of designs. 
5) Using Mathematics and 
Computational 
Thinking 
In both science and engineering, mathematics and computation are 
fundamental tools for representing physical variables and their 
relationships. 
6) Constructing 
Explanations and 
Designing Solutions 
The goal of science is the construction 
of theories that provide explanatory 
accounts of the world. 
The goal of engineering design 
is to find a systematic solution to 
problems that is based on 
scientific knowledge and models 
of the material world. 
7) Engaging in Argument 
from Evidence 
In science and engineering, reasoning and argument based on evidence are 
essential to identifying the best explanation for a natural phenomenon or 
the best solution to a design problem. 
8) Obtaining, Evaluating, 
and Communicating 
Information 
Scientists and engineers must be able to persuasively and articulately 
communicate the ideas and methods that they generate. 
Note. Adapted from Appendix F-Science and Engineering Practices in the NGSS, Copyright 
(2013) by NGSS Lead States  
 
Both scientists and engineers engage in the eight practices, however, some of the 
practices appear differently for engineers. There is mention of the word design multiple times 
in the practices for engineers. As framed in the first practice, asking questions and defining 
problems, engineering clarifies problems in order to determine criteria, which is used to solve 
problems regarding the “designed world” (NGSS Lead States, 2013, Appendix F, p. 17). In 
the third practice, planning and carrying out investigations, engineers are investigating the 
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effectiveness of “designs” (NGSS Lead States, 2013, Appendix F, p. 21). The term 
“engineering design” appears in the 6th practice, constructing explanations and designing 
solutions, and offers a goal for engineering design, “to find a to find a systematic solution to 
problems that is based on scientific knowledge and models of the material world” (NGSS 
Lead States, 2013, Appendix F, p. 27). 
 Engineering design is the second method for the inclusion of engineering in the 
NGSS. The writers of the NGSS believed that understanding engineering design could equip 
students with the skills necessary to solve future engineering issues (NGSS Lead States, 
2013). The NGSS specifically intends for students to engage in engineering design to solve 
problems (NGSS Lead States, 2013). The core of engineering design in the NGSS 
encompasses these three themes: 
(a) Defining and delimiting engineering problems involves stating the problem to 
be solved as clearly as possible in terms of criteria for success, and constraints or 
limits.  
(b) Designing solutions to engineering problems begins with generating a number 
of different possible solutions and then evaluating potential solutions to see which 
ones best meet the criteria and constraints of the problem.  
(c) Optimizing the design solution involves a process in which solutions are 
systematically tested and refined and the final design is improved by replacing less 
important features for those that are more important (NGSS Lead States, 2013, 
Appendix I, p. 2). 
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This inclusion of engineering design is important for engineering and science standards. 
These definitions and processes of engineering design begin to demonstrate the procedures 
that engineers endeavor when solving a problem.  
The writers of the NGSS wanted to be clear that standards were not written for 
engineering, “It is important to point out that the NGSS do not put forward a full set of 
standards for engineering education, but rather includes only practices and ideas about 
engineering design that are considered necessary for literate citizens” (NGSS Lead States, 
2013, Appendix I, p. 3). Engineering was included as a broad category to offer this 
engineering exposure to students prior to college because engineering has been neglected 
previously (NRC, 2012). However, they provide the only widely adopted standards for K-12 
at this time. The next section will examine the research on how students can engage in 
engineering through the engineering design cycle, in K-12 classrooms.  
Using the Engineering Design Cycle to Act Like an Engineer 
The NGSS and the engineering design process give K-12 researchers and teachers a 
lens to understand the objectives of an engineering education. Additionally, the emergence of 
engineering in K-12 education gives researchers an opportunity to understand the best 
practices for teaching engineering to pre-university students (Cunningham & Lachapelle, 
2014). This section of the literature review will examine research that has been conducted 
from elementary school to high school and will offer insight into what students can 
understand about engineering and the process of thinking like an engineer.  
Elementary school engineering design. Cunningham and Lachapelle (2014) 
conducted research in elementary schools to understand what young students are learning 
from engineering projects. The authors designed a curriculum for elementary students, 
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Engineering is Elementary (EiE) that introduced students to engineering and technology 
(Cunningham & Lachapelle, 2014). Cunningham and Lachapelle (2014) used a cyclical 
process for engineering design with elementary students. The authors collaborated with 
elementary school teachers and concluded that children could process a maximum of five 
steps of the engineering design process; “In the context of a design goal, children (1) ask 
questions, (2) ‘imagine’ or brainstorm a variety of possible solutions, (3) choose one design 
to plan, (4) create and test a design based on their plan, and (5) analyze and decide how to 
improve the design” (Cunningham & Lachapelle, 2014, p. 128). The researchers did not 
specifically focus on how students understood the engineering design process; rather the 
focus of the research was to understand the design principles that were included in the 
creation of the curriculum that was taught to the students.  
In another article by Cunningham, Knight, Carlsen, and Kelly (2007), the authors 
reflected on the use of the engineering design process. The authors stated the purpose for 
using the engineering design process as a theme in their curriculum because, “…[the 
engineering design process] provides a unifying feature across the various grade levels, 
enables teachers to engage their students in `real' engineering without requiring detailed 
knowledge of engineering and physics concepts, and promotes the integration of engineering 
with other school subjects” (Cunningham et al., 2007, p. 4). However, the focus of the article 
was to understand how teachers could best teach engineering by creating a professional 
development program, thus it is not applicable to understanding how students think about the 
engineering design process.  It is important to understand the way that students interpret the 
design process, which is addressed later in this dissertation. 
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Cunningham (2017) furthers her previous work on the design cycle and made 
connections to the engineering practices in the NGSS. She gave classroom examples to 
illustrate the relationships between the design cycle in EiE and the engineering practices. The 
NGSS Science and Engineering Practice 1, students ask questions and define problems 
(NGSS, 2013). Cunningham (2017) stated that this is an important part of the design process. 
Students during this step should be identifying the problem and understanding constraints 
(Cunningham, 2017). She further explained NGSS Science and Engineering Practice 6, 
students construct explanation and design solutions. During this process students apply 
scientific ideas and provide evidence for the reasons why their design worked (Cunningham, 
2017). Cunningham provided many examples of how to teach the Science and Engineering 
Practices incorporating the design cycle, however, the focus of this article was how to teach 
the design cycle. My research will specifically focus on what students can accomplish in a 
design project using an engineering design cycle.   
English and King (2015) examined fourth grade students’ investigations of aerospace 
using engineering design. Through their research, they discovered that elementary students 
could design and apply engineering concepts (English & King, 2015). During this design 
project, elementary students were tasked with designing a 3D model of a plane. Through 
collaboration on the task, many groups learned about aerospace and redesigned their planes 
to make them more efficient. English and King (2015) developed a framework for 
engineering design that served as a reference point to develop the project activities and to 
analyze the students’ work and class discussions. The engineering design framework 
included problem scoping, idea generation, design and construct, design evaluation, and 
redesign. During problem scoping, students were tasked with “understanding the boundaries 
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of the problem” (English & King, 2015, p. 4). Next is idea generation where students are 
“brainstorming and planning” (English & King, 2015, p. 4). Students then design and 
construct, which includes “sketching the design and transforming the design to a model” 
(English & King, 2015, p. 4). Design evaluation is the next phase where students “test the 
model” (English & King, 2015, p. 4). Finally, students redesign their projects and during this 
phase they are “reviewing the first design, sketching new designs, and transforming the 
design to the revised model” (English & King, 2015, p. 4).  
The problem-scoping phase was included because English and King (2015) believed 
that this phase of engineering design is underrepresented in the younger grades. 
“Specifically, we consider problem scoping to entail clarifying and restating the goal of the 
problem, identifying constraints to be met in problem solution, exploring feasibility issues, 
drawing on related context to add meaning, experimenting with materials, and establishing 
collaborative group work” (English & King, 2015, p. 4). During the idea-generation phase, 
students discussed ideas and collaborated to develop a plan. This phase focuses on getting 
students to work together to solve the problem. The researchers, in conjunction with one 
another, discussed the last three phases: redesign, design, and evaluate and then determine 
the vital stages (English & King, 2015). The processes of engineering design in Figure 2 
included thought processes that the researchers wanted to understand. English and King 
(2015) believed that using this framework for engineering design is critical to students’ 
understanding of engineering. Whereas, the Engineering is Elementary curriculum by 
Cunningham and Lachapelle (2014) offered limited attention to understanding how students 
engage in the design process and focused on curriculum design for students.  
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English and King (2015) created an engineering design framework, which details the 
processes of engineering design, to incorporate aspects of students’ thinking. However, the 
researchers did not specifically use this framework in the analysis of student work and 
classroom participation during the project. This framework was used as a reference point 
when creating the engineering project for students and was used to analyze class discussions 
(English & King, 2015). A focus on more research about engineering design for elementary 
school students was recommended in the study. Specifically, “Such a broadened perspective 
on engineering design is slowly emerging, as evident in the NGSS, but could receive greater 
attention from both curriculum developers and researchers” (English & King, 2015, p. 15). 
The research of engineering at the elementary school offers the education community a 
method to begin to understand the cognitive processes of elementary students as they 
contemplate and reflect on the role of an engineer.  As such it provides a baseline for also 
considering what older students in middle and high school can do.  
Middle school engineering design. McKenna and Agogino (1998) used engineering 
design to create a web-based program that would introduce middle school students to simple 
machines. The goal of the web-based instructional module was to introduce students to 
simple machines and the framework for the engineering-design process (McKenna & 
Agogino, 1998).  This framework for the engineering-design process was embedded in 
activities that students completed (McKenna & Agogino, 1998). The researchers stated that 
engineers begin with “defining a problem” and then move into the stages of solving the 
problem (McKenna & Agogino, 1998, p. 438). During the solution phase, engineers follow 
an iterative process of designing that includes “research, prototyping, and simulating” 
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(McKenna & Agogino, 1998, p. 438). Finally, engineers “re-evaluate”, which will lead them 
back to the first phase, defining the problem (McKenna & Agogino, 1998, p. 438).  
Throughout the project, students gained knowledge of how simple machines worked. 
This knowledge then informed the design projects, such that the students were engaged in 
creating through a LEGOS simulation (McKenna & Agogino, 1998). “Student work and 
comments indicate that students developed valid concepts about simple machines, engaged in 
and practiced engineering design problem-solving skills, recognized the connection between 
theory and equations and the building of actual devices, and reflected on their work to 
interpret and make sense of the results” (McKenna & Agogino, 1998, p. 443). This 
engineering design project allowed students to successfully participate in the engineering-
design process and students could engage and think like an engineer. However, it is not clear 
in the article if students were given the framework for the engineering design process as a 
model to follow during the project, nor if they were aware of the model as a way of thinking 
about engineering design.  
In other research, Mehalik, Doppelt, and Schuun (2008) used systems thinking to 
apply the design process to science. The students in the study were investigating electricity 
concepts in their science class and determined the needs for the design in an alarm system 
and developed requirements for the alarm. Subsequently, those requirements became the 
conditions to design their alarm system (Mehalik et al., 2008). The seven stages of systems 
design and analysis, were 1) describe the situation, 2) identify needs, 3) develop criteria, 4) 
generate alternatives, 5) choose an alternative, 6) create prototype/test, and 7) reflect and 
evaluate (Mehalik et al., 2008, p. 74). Students were guided through the various phases to 
think about needs, requirements, alternatives, and criteria (Mehalik et al., 2008). However, it 
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is unclear if students were shown the systems-design process during the project or used it as a 
guideline.  The authors stated, “Students and teachers followed a systems-design approach 
throughout the course of four to five weeks of implementation” (Mehalik et al., 2008, p. 71).  
This study was different than other research discussed because it compared two 
groups of students and their performance on an electricity science test. The comparison was 
between a guided-inquiry group versus the systems-design group (Mehalik et al., 2008). 
Guided inquiry is a traditional method of learning about electricity versus students designing 
their own project to learn about electricity (Mehalik et al., 2008).  Each group was given a 
pre-test and a post-test about electricity and the results showed impressive gains for the 
systems-design group. “Overall, the design group achieved twice the pre-post gains in scores 
on science knowledge content questions when compared with the inquiry group…” (Mehalik 
et al., 2008, p. 77). The students in this study were not evaluated upon what they understood 
about the systems-design process, but rather their knowledge of the science that they were 
learning. Thus, it demonstrated the value of design-based approach to learning. This study 
was an example of an outcome study, where the researchers compared the outcomes of 
students that learned the electricity concepts with guided inquiry versus engaging in 
engineering design to learn the concepts. This study did not demonstrate how students 
engage in engineering design.  
High school engineering design. Although there are a number of articles about 
design projects, at the elementary and middle school levels, the literature becomes sparser 
during the middle and high school years. Much of the empirical research about introducing 
engineering to high school students focuses on using the engineering design process to learn 
another topic that is not engineering. Specifically, engineering in high school most often 
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appears within other subjects, such as science. Apedoe et al. (2008) provide an example of 
science research within the engineering domain by incorporating a “learning cycle” to 
introduce students to a heating and cooling unit (p. 458). The cycle begins with creating a 
design, evaluating the outcome, and then generating reasons for the outcome of the design 
(Apedoe et al., 2008). Next in the learning cycle, students test ideas, analyze results, 
generalize those results, and finally connect to big ideas. This learning cycle also included 
science, design, and communication, which is different than other cycles described thus far. 
 Through the heating and cooling unit, students were expected to learn about 
chemistry concepts. Students spent most of their time in the reaction and container 
subsystems to address various chemistry concepts (Apedoe et al., 2008).  When students 
learned each subsystem of the unit, activities were structured based on the same method and 
students were instructed to participate in the learning cycle by considering the design and 
science goals of the unit (Apedoe et al., 2008). The learning cycle (see Figure 2) 
demonstrated the expectations of design and science for the students. Starting at “create a 
design,” students proceed clockwise through the cycle and end with “connect big ideas” 
(Apedoe et al., 2008). Students create their design and during the “evaluate outcome” phase, 
they make observations of how the design worked (Apedoe et al., 2008). During the 
“generate reasons” phase, students discuss, as a class, the observations they made. Using the 
reasons, students “test ideas and analyze results.” The students engage in the “generalize 
results” step to help discover patterns. During the “connect to big ideas” phase, students are 
linking their design to science concepts. The words “design,” “public dialogue”, and 
“science” are outside of the circle to indicate that students are participating in these concepts 
as a class (Apedoe, et al., 2008). 
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Figure 2. Learning cycle. 
Figure 2. Learning cycle. Reprinted from “Bringing engineering design into the high school 
science classrooms: The heating/cooling unit,” by X. S. Apedoe, B. Reynolds, M. R. 
Ellefson, & C. D. Schunn, 2008, Journal of Science Education and Technology, 17(5), p. 
458. Copyright [2008] by the Springer Science and Business Media.  
      
The inclusion of the public dialogue component was an interesting addition to the 
design cycle because it offered student insight into the project and allowed the students to 
improve their design (Apedoe, et al., 2008). The public dialogue that was included in design 
process was an addition that has not been seen in other design cycles described thus far in 
this paper. Students could use this cycle as a method to stay on task when engaging in the 
design process (Apedoe et al., 2008). To identify the effectiveness of their study, the 
researchers gave students a chemistry assessment and noticed that the group that participated 
in the design project achieved better results than the students that learned about chemistry 
through traditional methods (Apedoe et al., 2008). However, the researchers did not analyze 
what students understood about the design process; rather they used this learning cycle as a 
method to teach heating and cooling.   
Another example engineering design used with high school students is the playground 
design challenge. The playground design challenge has been used since 1993 by multiple 
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researchers (Mentzer, Becker, & Sutton, 2015). The task of the playground design problem is 
given to the participants as a list of instructions. The design project stated, “A local resident 
has recently donated a corner lot for a playground. Since you are an engineer who lives in the 
neighborhood, you have been asked by the city to design a playground” (Mentzer et al., 
2015, p. 422).  
Mentzer et al. (2015) completed research with high school students using the 
playground design challenge. The authors were specifically interested in understanding how 
high school students who have completed multiple engineering courses compare to expert 
designers. Additionally, the authors wanted to understand how participating in multiple 
engineering courses affected the outcomes of the students’ designs. The design phases the 
authors used were: problem scoping, developing alternative solutions, and the project 
realization stage (Mentzer et al., 2015). During the problem scoping phase students were 
expected to define the problem and gather information about the design problem. During the 
developing alternative solutions phase, students came up with ideas, modeled the ideas 
through explanations of what they would create, and examined the feasibility of the design 
(Mentzer et al., 2015). Decision-making and communication were a part of the project 
realization (Mentzer et al., 2015). Project realization was the summary of how the students 
communicated during the playground design challenge.  
Mentzer et al. (2015) discovered during the problem-scoping phase, there was not any 
significant difference in the time that was spent between high school freshmen and seniors. 
However, there was a significant difference between high school students and experts 
because experts spent significantly more time in the problem scoping phase (Mentzer et al., 
2015). There was a difference revealed in the idea generation phase (Mentzer et al., 2015). 
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High School freshmen generally went with their first idea and did not try to generate 
alternate solutions, where high school seniors and experts did spend more time in this phase 
(Mentzer et al., 2015). The project realization phase, communication, did not contain any 
significant differences between high school freshmen, seniors, and experts. The comparison 
of the diverse groups of students and expert engineers was particularly useful to understand 
how more experience in engineering can affect the outcome of design. However, this project 
does not simulate an actual classroom project. The think aloud protocol used was useful to 
understand what students were thinking, however, thinking aloud does not normally occur in 
a classroom setting. Additionally, the 3-hour time frame used in this project was a shortened 
version of what happens in a classroom.  
Proposed Engineering Design Cycle 
Based on the work of Cunningham and Lachapelle (2014), Cunningham, Knight, 
Carlsen, and Kelly (2007), English and King (2015), McKenna and Agogino (1998), 
Mehalik, et al. (2008), Apedoe et al. (2008), and Mentzer et al. (2015), I propose using a re-
designed engineering design cycle for students in high school as depicted in Figure 3.  
The following figure is based on the work by Cunningham and Lachapelle (2014), in 
which the authors state that elementary students are able to remember a maximum of five 
phases of the engineering design process. Additionally, this figure is an adaptation of the 
work of the NSF (2003) design cycle. This adaptation combines some of the phases together 
and uses more student-friendly language.  From an independent research project that was 
completed with interviews of students after a design project, I learned that there were too 
many phases in the engineering design process (Barry, 2017). The phases I used in the 
previous project were the same as Figure 1, created by the National Science Foundation, 
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which included seven phases: 1) Ask: Identify the needs and constraints, 2) Research the 
problem, 3) Imagine: Develop possible solutions, 4) Plan: Select a promising solution, 5) 
Create: Build a prototype, 6) Test and evaluate the prototype, and 7) Improve: Redesign as 
needed.  
Students began with understanding the problem and then will brainstorm possible 
solutions. This is where the engineering design cycle starts to differ from other design cycles. 
The term brainstorm is more student-friendly and incorporates research, whereas in other 
cycles, research is its own phase. The next phase was plan, where students selected an idea 
and started to plan. Finally, after the planning phases, comes design where students create 
their projects. After this phase is the evaluation phase; students test their prototypes and 
necessary changes are incorporated into the improve phase. 
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Figure 3. My Proposed Engineering Design Cycle 
By Katie Barry (2017) 
Using this redesigned cycle, I can compare the previous work completed with the 
engineering design cycle. Table 3 is a summary of all the design cycles that I will analyze 
and describe in the next few paragraphs. I will begin with a summary of K-12, describe 
elementary school, middle school, and end in with the high school engineering design cycles. 
The frameworks provided by these researchers help to create a process for which students 
can engage in engineering design and act like an engineer. The frameworks have 
commonalities in that there is agreement that the process is iterative and students can engage 
in many parts of the process simultaneously. The commonalities of the engineering design 
process are: understanding the problem, research, developing solutions, planning and design, 
test and analyze, and redesign. Most of the engineering design frameworks contain all or part 
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of these common themes. Research seems to be a part that is lacking in some of the 
engineering design frameworks. However, research might be assumed as part of another 
phase. For example, in the planning phase, students might research their idea(s) before 
beginning the design.   
The NGSS does not suggest a cycle for the steps to carry out the engineering design. 
The NGSS does suggest three themes for the engineering design: 1) defining and delimiting 
engineering problems, 2) designing solutions to engineering problems, and 3) optimizing the 
design solution (NGSS Lead States, 2013, Appendix I). This is a simplification of the 
engineering design cycle used by the National Science Foundation (2003), which includes 
seven phases of the engineering design cycle, the most phases of any cycle discussed thus 
far. Table 3 shows research and solutions as one phase in comparison to the re-designed 
engineering design cycle.  
The elementary school design cycles have fewer phases for students to remember. 
Cunningham and Lachapelle (2014) and English and King (2015) used five phases for their 
students. It was not clear in either of their studies if they showed their design cycles to their 
students. Cunningham and Lachapelle (2014) were more interested in curriculum 
development that uses the design cycle rather than trying to understand how students interact 
with each of these phases. As seen in Table 3, English and King (2015) did not have a 
planning phase.  
Similarly, McKenna and Agogino (1998) used the engineering design cycle with 
students and did not have a planning phase. The cycle was imbedded in the web-based 
program that students used and the authors were not interested in what students could 
accomplish in each of the phases of the design cycle, rather the authors were interested in 
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how well the students could finish their web-based program and the authors used the 
engineering design cycle to create their curriculum. In the work by Mehalik, et al. (2008), it 
was also unclear if the students used the engineering design cycle that the authors discussed. This 
design cycle also had seven phases as shown in Table 3, similar to the cycle created by the 
National Science Foundation. The outcome of this research was to test how well students did on a 
science test, as opposed to evaluating the students’ understanding of the engineering design 
cycle. The work by Apedoe et al. (2008) was also done in a science classroom. There were 
eight phases that were discussed in the article and Mentzer et al. (2015) conducted research 
with students that were enrolled in engineering courses.  
This re-designing of the cycle, Figure 3, uses alternate words that represent each of 
the phases. Additionally, Figure 3 simplifies the number of phases used in the design cycle 
and that simplification might benefit students when trying to understand how to think and 
problem solve like an engineer. The first phase of the cycle is to understand the problem. 
However, some of the words that are used are in the NGSS, Figure 1, and by English and 
King (2015) were: defining and delimiting the engineering problem, ask, identify the needs 
and constraints, or problem scoping. These terms could be confusing to students. It might be 
helpful to rename the first phase to “understanding the problem” so that the students can 
better engage in the design cycle. 
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Table 3 
Summary of Engineering Design Process Appearing in Literature 
 
There is a need for more research on the engineering design cycle and what students 
understand about each of the phases because engineering design is used as a problem-solving 
tool. More specifically, there is a need at the high school level in an engineering classroom, 
not only in a science classroom, for more research using the engineering design cycle. The 
model that I propose in Figure 3 is a compromise between elementary and high school 
versions of the cycle. There are six phases that use student-friendly language to communicate 
the processes of an engineer to students, such as the ability to reference the engineering-
design cycle when completing a design project. The previous articles did not specifically 
state that they let students use the design cycle, nor if they understood the cyclical process.   
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Communicating Like an Engineer  
 The engineering design process frameworks give students a process to follow in order 
to act like an engineer. This section of the review will focus on understanding what has been 
written about how engineers communicate when engaged in engineering. Moore et al. (2014) 
created a “Framework for Quality K-12 Engineering Education” as a tool to represent “the 
engineering a student should understand if they have participated in engineering throughout 
their K-12 schooling” (p. 4). This framework was used to analyze curriculum and standards 
through 12 indicators (Moore et al., 2014). The first five indicators are similar to the 
engineering design process. The goal is to improve current and future curriculum so that it 
supports engineering thinking indicators (Moore et al., 2014). The indicators include the (1) 
process of design and understanding that the design process for engineers includes iterative 
indicators (Moore et al., 2014). The design process also includes the next three elements: (2) 
problem and background, (3) plan and implement, and (4) test and evaluate and expect 
students to engage and (5) engineering thinking indicators (Moore et al., 2014). 
The next set of indicators includes more behaviors that an engineer would exhibit. 
The authors also expect students to have (6) conceptions of engineers and engineering, such 
as acting like an engineer and understanding the various disciplines within the engineering 
indicators (Moore et al., 2014). Students should use (7) engineering tools, (8) techniques, and 
(9) processes, such as measurement tools or CAD software indicators (Moore et al., 2014). 
Additionally, with the projected growing number of engineers needed, it is also important 
that students are exposed to (10) issues, solutions, impacts and ethics to understand how 
technology can affect the world (Moore et al., 2014). The last engineering behavior 
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indicators (11) teamwork and (12) communication are important aspects if engineers want to 
be understood indicators (Moore et al., 2014).  
Although Moore et al. (2014) created an extensive list of indicators for quality K-12 
engineering education, the list does serve a purpose in focusing pre-college engineering. The 
NGSS includes engineering practices that were envisioned to give students a method to 
deepen their understanding of engineering (NGSS Lead States, 2013). However, Moore et al. 
(2014) went further in describing the behaviors of engineers that students should be 
practicing in K-12 education. Moore et al. (2014) included the indicators like teamwork, 
communication, and using engineering tools, which are more directed towards behaviors that 
engineers exhibit. These indicators are very useful to the K-12 community as a method to 
focus engineering education.   
Lucas and Hanson (2016) researched the distinctive ways that engineers think and act 
to help redesign engineering education. The hope to redesign engineering education is to 
create more successful engineers and that begins with investigating how successful engineers 
think and act (Lucas & Hanson, 2016). Lucas and Hanson (2016) investigated learning 
dispositions, or what they coined, “Engineering Habits of Mind (EHoM)” (p. 4). Their 
research questions were: 
 How do engineers think and act? 
 How best can the education system develop learners who think and act like 
engineers? (Lucas & Hanson, 2016, p. 4). 
The authors adopted a mixed methods approach using qualitative interviews, online surveys, 
and discussions with an engineering panel to create the “engineering habits of mind” 
descriptions and “learning habits of mind” (Lucas & Hanson, 2016). The EHoM include 
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systems thinking, problem finding, visualizing, improving, creative problem solving, and 
adapting (Lucas & Hanson, 2016). The EHoM are intended to show both engineering and 
learning habits of mind.  
Having found consensus on our six EHoM, we chose to represent our model in Fig. 1 
as series of concentric circles because it allowed us to articulate at the core of the 
model the driving force of engineering – “making stuff” and to distinguish between 
two sets of habits of mind important to engineers, placing the more specific EHoM 
closer to the core, but recognizing the relevance of a broader set of learning habits. 
(Lucas & Hanson, 2016, p. 7) 
The EHoM (see Figure 4) demonstrate a comprehensive list of behaviors that Lucas and 
Hanson expect students to demonstrate when thinking like an engineer. At the center of 
diagram, students are expected to “make things work” and “make things better” (Lucas & 
Hanson, 2016, p. 8). The researchers noted that the word “making” refers to traditional 
engineering disciplines (Lucas & Hanson, 2016). However, the researchers nevertheless 
included this term, because all types of engineering disciplines design and implement their 
design. Using the EHoM gives students, educators, and engineers a mode to understand 
engineering and the complexities of the profession.  
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Figure 4. Engineering habits of mind. 
Figure 4. Engineering habits of mind. Reprinted from “Thinking like an engineer: Using 
engineering habits of mind and signature pedagogies to redesign engineering education,” by 
B. Lucas, J. Hanson, 2016, International Journal of Engineering Pedagogy, 6(2), 4-13. 
Copyright [2016] by Research Gate. 
 
 
 Lucas and Hanson (2016) created an interesting figure to help communicate to the 
engineering community all the processes that thinking like an engineer can entail. The work 
by Lucas and Hanson (2014) helps to put into perspective the specific engineering habits of 
mind and the global learning habits of mind. Their research included involving the 
engineering community in making these decisions, which demonstrates the value of the 
conclusions that they drew from their research. The work by Lucas and Hanson (2014) 
informs engineering pedagogy and offers educators a glimpse at the requirements of future 
engineers.  
The topic of acting like an engineer is important to improve the engineering 
profession. Davis, Beyerlein, and Davis (2006) understand the need for developing the 
engineering profession and developed profiles of engineers. Davis et al. (2006) determined 
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the need for a profile of an engineer and found that it could be useful to employers or 
teachers of engineering capstone classes. To determine what should be included in the profile 
of an engineer, the Transferable Integrated Design Engineering Education (TIDEE) compiled 
information from various sources (Davis et al., 2006). Davis et al. stated, “The TIDEE 
engineer profile work began in late 2002 by compiling accreditation criteria, codes of ethics, 
attributes valued by employers, and core competencies valued by professional societies. 
Synthesis of these traits produced a set of ten holistic behaviors of an engineer” (Davis et al., 
2006, p. 440).  
This profile of quality engineers included observable behaviors and descriptions and 
was grouped into three categories: technical, interpersonal, and professional (Davis et al., 
2006).   Technical behaviors include: analyzing, designing, problem solving, and researching 
(Davis et al., 2006). These are similar to the thought processes of thinking like an engineer.  
Interpersonal behaviors include: communicating, collaborating, and leading (Davis et al., 
2006).  Finally, professional behaviors are self-growing, achieving, and practitioner. The goal 
was to align capstone course learning outcomes with engineering professional expectations 
by creating a list of behaviors (Davis et al., 2006).  This list of behavior expectations offers 
students and employers a method for understanding the expectations required for 
engineering.  
The purpose of these behaviors for engineers was to offer advice for professional 
engineers and employers to improve the engineering profession (Davis et al., 2006). 
Elements of these suggested behaviors of engineers by Davis et al. (2006) could be used in 
the high school classroom. Students that are beginning to learn about engineering would not 
be at the stage to practice technical or professional roles. However, the interpersonal roles put 
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forth by Davis et al. (2006) would be applicable to novice engineers. Davis et al. (2006) 
suggests that engineers should be communicators, collaborators, and leaders. More 
specifically when communicating, engineers should: 
a. Listens, observes, and questions to assess audience background and information 
needs 
b.  Documents and mines available information and differing perspectives for 
understanding and application 
c.  Prepares a message with the content, organization, format, and quality fitting the 
audience and purpose 
d.  Delivers a message with timeliness, credibility, and engagement that achieve 
desired outcomes efficiently 
e. Assesses the communication process and responds in real-time to advance its 
effectiveness (Davis et al., 2006, p. 446).   
These behaviors summarize observable actions that engineers should be executing to 
communicate effectively.  
Based on the work of Moore et al. (2014), Lucas and Hanson (2016), and Davis et al. 
(2006) communication is a behavior that all high school prospective engineers can engage in 
and practice. The students should practice the phases of the engineering cycle, but 
communication should also be included as an important skill that students in high school 
should practice. In Figure 5, communication is at the center of the cycle because it should be 
included in every phase so that students are able to convey their thoughts and ideas.  
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Figure 5. Proposed Engineering Design Cycle with Communication. 
By Katie Barry (2017). 
Assessing Engineering Design 
One of the challenges with teaching engineering design is assessing what the students 
have learned. The purpose of this section is to understand how the literature community 
assesses engineering design. Vieira, Goldstein, Purzer, and Magana (2016) stated that 
engineering design is hard to assess because it is open-ended. There are several methods that 
have been used to assess what students have learned throughout an engineering design 
project. In the research that has been discussed thus far, the authors used various methods to 
assess the learning of the engineering design cycle. Cunningham et al. (2007) was focused on 
assessing teachers’ understanding of the engineering design cycle. However, Cunningham et 
al. (2007) did not focus on students’ understanding of the design cycle. English and King 
Communication 
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(2015) wanted to understand what students have learned about the engineering design cycle 
through video, student workbooks, and pictures of their projects. The authors then analyzed 
patterns and trends in student responses to determine what the students learned (English & 
King, 2015). The students’ responses were then analyzed into three levels (English & King, 
2015). Most of the students’ responses classified at level 2, which meant their designs 
included measurement. However, grouping the students into levels does not demonstrate 
what the students know about engineering design. McKenna and Agogino (1998) used the 
computer simulation with student reflections to understand and assess what students had 
learned. Mehalik et al. (2008) used a pre-test and post-test with science concepts to 
understand what students have learned through the engineering design cycle.  
Other authors have also assessed students using various methods to understand 
students’ knowledge of the engineering design cycle. Hirsch, Berliner-Heyman, Carpinelli, 
and Kimmel (2012) had students write in an engineering log that detailed their process during 
the project. The researchers assessed student’s knowledge of the engineering design process 
by using a rubric that was developed (Hirsh et al., 2012). The students could accurately 
describe and label their process using variation of the engineering design process (Hirsh et 
al., 2012). Students were assessed in nine categories on a score from 0 to 3: identifying the 
problem, framing a design brief, research and investigation, generation of alternative 
solutions, choosing the best solution, developmental work, prototyping, test and evaluation, 
and redesign (Hirsh et al., 2012). After averaging the score from three evaluators, the scores 
ranged from 14 to 26 (Hirsh et al., 2012). The students were assessed on their written logs, 
which might not give a full understanding of what students understand regarding engineering 
design.  
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Atman et al., (2007) used a think-aloud protocol to understand what students were 
thinking about when trying to design a playground. After the think-aloud portion, Atman and 
colleagues were specifically trying to understand the difference between novice designers 
and expert designers in the playground task (2007). The authors discovered that expert 
designers spent more time problem scoping and gathering more information than novice 
designers (Atman et al., 2007). The problem-scoping phase consists of gathering information, 
understanding the problem, and identifying criteria (Atman et al., 2007). Worsley and 
Blikstein (2014) expect that expert designers spend more time planning and building that 
novice designers. Thus, the beginning designer focuses on creating a prototype without 
collecting any data. Furthermore, when beginning designers collect data, they often fail to 
use these results to inform further design actions (Vieira et al., 2016). 
Crismond and Adams (2012) created the informed design teaching and learning 
matrix to help teachers understand how to improve design capability of students. Crismond 
and Adams (2012) used literature and observable patterns in the literature to create 
dimensions in design learning. Table 4 uses my phases of design and relates the differences 
in design for beginning and informed designers. The differences in the understand phase are 
that beginning designers think the design challenge is straightforward, while informed 
designers want to understand the design challenge and delay in making decisions (Crismond 
& Adams, 2012). During the brainstorm phase, beginning designers come up with very few 
ideas while informed designers have a lot of ideas and explore those ideas (Crismond & 
Adams, 2012). While planning and designing beginning designers sketch ideas and informed 
designers create detailed sketches and prototypes that allow them to understand how their 
design works (Crismond & Adams, 2012). Beginning designers during the evaluation phase 
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run few tests, while informed designers run tests that allow them to optimize their design 
(Crismond & Adams, 2012). During the improving phase, beginning designers work at 
random on problems, while informed designers improve their designs based upon feedback 
(Crismond & Adams, 2012). Finally, designers can exhibit differences in design reflection. 
Beginning designers do little self-reflection, while informed designers reflect upon their 
entire process (Crismond & Adams, 2012).  
The work of Crismond and Adams (2012) demonstrates a method to classify students 
as designers. Furthermore, the authors give qualifications of what will be determined a 
beginning designer versus an informed designer. These qualifications can help to classify 
how students are learning engineering design.  
 
 
 
 
 
 
 
 
 
 
Table 4 
Beginning Designers Versus Informed Designers  
Phase of Design Beginning Designers Informed Designers 
Understand 
 
Beginning designers feel that 
understanding the design 
Informed designers seek initially to 
understand the challenge as best they 
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challenge is straightforward, and 
a matter of comprehending the 
basic task and its requirements. 
can, but then delay making design 
decisions in order to explore and 
comprehend the design challenge more 
fully.   
Brainstorming  Beginning designers can start 
their design work with very few 
or even just one idea, which they 
may not want to discard, add to, 
or revise. 
 
Informed designers want to design with 
an abundance of ideas and practice idea 
fluency using techniques such as 
brainstorming and divergent thinking to 
explore the design space and at least 
initially seek to avoid favoring any single 
solution. 
Planning/Designing 
 
Beginning designers propose and 
sketch ideas the superficially 
resemble viable solutions but 
that do not support deep inquiry 
into how a solution might 
function, and would not work if 
built. 
Informed designers use gestures words, 
and artifacts to explore and communicate 
their design plans. They make drawings, 
construct physical prototypes, and create 
virtual models that help them develop 
deeper understanding of how their 
designs functions. 
Evaluating 
 
Beginning designers run few or 
no tests on their design 
prototypes.  
Informed designers run valid tests as part 
of the technological investigations that 
help them to learn quickly about design 
variables, users, and materials, to 
understand how things works, and to 
optimize the performance of the 
prototypes they decide to develop.   
Improving 
 
Beginning designers design in 
haphazard ways, working at 
random on whatever problems 
emerge, or they treat design as a 
set of strategies to be done once 
in linear order.  
Informed designers do design as an 
iterative process, while improving ideas 
and prototypes based on feedback and 
cycling back to upgrade their 
understanding of the problem. They 
manage their time and resources 
strategically and use design strategies 
multiple times in any order, as needed, in 
systematic way.  
Reflective Design 
Thinking 
 
Beginning designers to tactic 
designing when they think and 
act with little self-reflections and 
do little monitoring of their own 
or other’s actions.  
Informed designers practice reflective 
thinking by keeping tabs on their own 
and other’s design work in a 
metacognitive way and reviewing their 
processes and products once they have 
completed their work. 
Note. Adapted from Crismond and Adams, The informed design teaching and learning 
matrix. Copyright (2012) by Journal of Engineering Education. 
In 2014, the first Technology and Engineering Literacy (TEL) assessment given by 
the National Assessment of Education Progress (NAEP) was administered to 8th grade 
students to assess if students could apply technology and engineering to real life situations 
(NCES, 2016). In the future, students will also be tested in the 4th and 12th grade. All grade 
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levels will be tested on three main areas: technology and society, design and systems, and 
information and communication technology (NCES, 2016). The creation of this assessment 
highlights the national importance of engineering in K-12 and more importantly the inclusion 
of engineering design as a prominent feature of the assessment. Assessing students on 
engineering design is a first step in including engineering in the national spotlight. 
Engineering design is a subset of design and systems and students in the fourth grade 
are expected to understand that engineering design is a method to solve problems (NCES, 
2016). Students in the eighth grade are expected to carry out a full engineering design 
process to solve a problem (NCES, 2016). By the twelfth-grade, students should be able to 
solve a complex problem, choose alternate solutions, and understand the trade-offs (i.e. 
money, time, or quality) that are made to optimize a design solution (NCES, 2016). The test 
was administered to students for the first time in 2014 to eighth-grade students. The 
preliminary data demonstrated that 43% of the students scored proficient or higher on the 
exam (NCES, 2016). Of the students tested, over 50% of the students reported taking a 
course that related to technology or engineering (NCES, 2016). Also, 74% of students tested 
reported that they had developed a model to solve a problem (NCES, 2016). However, only 
11% of students could explain their rationale for their design (NCES, 2016). This lack of 
communication demonstrates that students need more assistance with communicating like an 
engineer.  
One of the example tasks that students had to complete were to redesign a bike lane 
and the students were given 18 minutes to complete the problem. During this time students 
were expected to learn about the design criteria, explain the design criteria, plan for a safe 
bike route, redesign the route, and provide rationale for their redesign (NCES, 2016). There 
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are issues with testing students on a standardized test regarding engineering. Students were 
extremely limited in the time to create a design solution. Additionally, there is no measure of 
the instruction students were given prior to taking the test, only that 50% of the students self-
reported that they had taken a technology or engineering course previously. Additional 
research is needed regarding the instructional techniques used to teach students methods to 
become more proficient in engineering.  Furthermore, there was a lack of students that were 
not able to explain their reasoning for their design, which further indicates that students need 
work with communication regarding engineering.  
Statement of the Problem 
The topic of engineering in high school is emerging and growing with the need for 
students to major in STEM and work in a STEM field. There is a push to have more people 
enter the STEM field. However, the research that has been done regarding engineering does 
not look at what students can do towards understanding engineering design. This study will 
give insight into how students are learning to become engineers and the process that is 
involved with thinking like an engineer. This study is significant for practice and adds to the 
literature because this study will focus on high school students, whereas most other research 
focuses on college students, practicing engineers, or elementary school students. In addition, 
I have created a modified model of the design process. It is simplified to be appropriate for 
high school freshmen and explicitly incorporates communication, and important skill for 
engineers.  
The study will also take place in an engineering classroom, not a lesson as a subset of 
the curriculum. Additionally, this study will specifically focus on engineering-design 
thinking in high school to teach engineering. The work by Apedoe et al. (2008) used the 
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engineering design process to teach science. It was unclear in many of the studies if students 
used the engineering-design process frameworks that the researchers created. In my research, 
students will use the engineering-design process diagram in Figure 3 during their project as a 
guide to thinking like an engineer. Additionally, this research will take place in a traditional 
classroom setting, not an after-school setting to understand how students can act like 
engineers in high school. Moreover, the students will be recording themselves throughout the 
design the project to assess their engineering design learning.  
The purpose of the study is to investigate what students understand about the 
engineering design process. More specifically, the study assesses the process of student 
engagement in an engineering design problem and how to they begin to act like an engineer 
in a high school setting. The model in Figure 3 will be used in this research to begin to 
understand how students can act like an engineer. Communication will also be a part of the 
engineering design cycle and will be a focus of the research. Students learning to 
communicate as an engineer is a valuable part of the research study.  
 
 
Chapter 3: Research Methods 
The purpose of the study was to investigate what students understand about the 
engineering design process. More specifically, what does it look like when students are 
engaged in an engineering design problem and how do they start to act like an engineer in a 
high school setting. Additionally, I wanted to understand how students communicate about 
the engineering design process. To begin to understand what students in a high school setting 
can accomplish in engineering, I wanted to observe the students while they were engaged in 
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an engineering design project. The students were given a task to design a 3D printed object 
that would help someone.  They recorded their activities during the project, and after the 
project they created a short film demonstrating their actions in each phase of the engineering 
design process. Qualitative analysis was completed to establish a connection between the 
engineering-design process and what each group had created for the project.  
Study Context 
Bell Ranch High School (BRHS) opened in the fall of 2015 as a new wall-to-wall 
academy high school. The names of the school, participants in the study, engineering 
personnel, and engineering mentors have all been given pseudonyms. A “wall-to-wall” 
academy school is where every student in the school is required to enroll in a career academy 
in the 9th or 10th grade (Kemple & Snipes, 2000).  At BRHS, all students participated in one 
of the three academies: Arts & Entertainment, Engineering, and Health and Medical 
Sciences. These academies provided work-based learning opportunities, project-based 
learning curriculum, and advisory boards. Students were on a modified block period 
consisting of 100-minute block periods in the morning and 50-minute classes in the 
afternoon. The block periods rotated every other day, with the purpose of creating seven 
periods over two days. Each student was issued a laptop when they entered Bell Ranch High 
School.   
The engineering design project. The goal with this study was to understand how 
students can act like an engineer by analyzing students during a design project. Students had 
participated in prior design projects. Below, in Table 5, is a description of the design projects 
students had completed by the time of the study.  
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Table 5 
Descriptions of Design Projects Completed  
Time of year Design project 
November-January Students participated in the Engineering Science Fair, which had 
elements of the design process. Students could choose the project 
that they wanted to complete.  
December Students were given the task to design, in SolidWorks, 3 parts that fit 
together. Students were introduced to the engineering design cycle 
and given the cycle during the project. Students created two 3D 
printed prototypes.  
February Students created a file folder bridge from instructions, then applying 
what they learned created a bridge made from balsa wood of their 
own design. 
 
In previous design projects, students were very scripted in completing each of the 
phases. The students for the Engineering County Science Fair needed to: (1) identify the 
potential user's needs and state the objective(s) clearly, (2) research what has already been 
done, (3) prepare preliminary designs and a materials list considering costs, manufacturing 
and user requirements, (4) build and test a prototype considering reliability, repair and 
servicing, (5). analyze the performance and compare it the original objectives, (6) improve 
design or construction and retest as necessary, and (7) document the results of each step and 
compile into a report. The judges analyzed these during the school engineering science fair.  
Prior to this study, students completed a 3D printed project in December, students 
could not move onto another phase until they had gotten approval from me. The students 
needed to demonstrate that they had completed that phase before moving onto another phase. 
The students were introduced to the engineering-design cycle using Figure 1 and used these 
phases of the engineering-design cycle for this project: (1) Ask: Identify the need and 
constraints, 2) Research the problem, 3) Imagine and develop possible solutions, 4) Plan: 
Select a promising solution, 5) Create: Build a prototype, 6) Test and evaluate prototype, and 
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7) Improve: Redesign as needed. The students demonstrated what they had completed in each 
of the phases by writing and describing what they completed. At the end of their 3D project 
in December, the students had to generate their idea, obtain approval, and plan their design 
using an orthographic drawing (2D representation of a 3D object from the front, top, and 
side) with dimensions. After they created an orthographic drawing with dimensions, they 
were cleared to start designing. Throughout all of their design projects, students were given 
the National Science Foundation engineering design cycle, Figure 1.  
In February, the students completed a bridge unit. In this unit, they completed 
elements of the design process. They needed to have a plan and a digital drawing using 
Bridge Designer software. This software allowed students to prototype and test whether a 
“load” could be held on the bridge. From this design, they built the bridge using balsa wood.  
With this engineering design project for this research, students were given limited 
guidance through the process, since they had previously completed design projects. Students 
were given the re-designed engineering design cycle, Figure 3, for the design project and we 
went over the requirements for the project as a class (Appendix A).  
Students also had the opportunity to meet with an engineering mentor.  John Reid was 
a volunteer at the school who helped students during their project. He has a degree in 
mechanical engineering and is an entrepreneur. John met with students during their project to 
give feedback regarding the progress, feasibility, and technical assistance with the CAD 
program.   
My position at the school was the Director of the Academy of Engineering. I 
coordinated field trips, work site tours, guest speakers, job shadows, and internships for 
students. The goal of these work-based learning activities was to give students knowledge of 
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engineering careers and jobs that they can acquire if they major in engineering or computer 
science. My role was to engage students in a sequence of work-based learning activities 
throughout their four years in the engineering academy. Students engaged in a career day, 
speed interviewing, and mock interviews to prepare them for career and college. Since I had 
direct access to students and interact and teach the students engineering, I used this site for 
my research. Students would take a sequence of engineering courses through their four years 
at BRHS.  Introduction to Engineering is the first course, which I teach and Brian Peters 
teaches the second year, Principles of Engineering. The students in their junior or senior 
years could choose from Computer Science, Engineering Honors, Honors CAD, or Honors 
Entrepreneurship.  
Data Collection 
Before the project examined in this research began, students were introduced to the 
project as a class (Appendix A). Students were told that they were going to 3D design and 
print a product that would help someone. The requirements of the project were that each 
person in the group needed to design a part, the parts needed to fit on the 3D printer, and the 
prototype needed to be something that would help someone, and the group needed to create 
two prototypes. Students were given time to ask questions about the given requirements. This 
part of the introduction to the project was not video recorded, but we spent about 20 minutes 
going over the project requirements. After this introduction to the project, I told all students 
about my research project for my PhD. I asked for volunteers who would like to participate, 
and students were told that this project would not affect their grade, because I would not be 
evaluating any data until after they had been given a grade for the course. I used only the 
students' video data from among those that agreed to participate in the study. 
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 Students were given more leeway on this project than in previous projects and did 
not have specific requirements of drawing a plan before creating on the computer. In 
previous projects, students were given strict guidelines about each phase of the engineering 
design process and what they were expected to demonstrate. The reasoning for this was that I 
wanted to understand at the end of the school year how much they had grasped about the 
engineering-design process.  
In this study, student participants recorded the video data. The use of video allowed 
me to understand different types of communication students are engaged in when 
collaborating. Roschelle (2000) refered to the many aspects of interactions that can be 
observed through video, such as “… talking, gesture, eye gaze, manipulatives, computer 
displays” (p. 1). The students engaged in a design project that could include students 
communicating on paper or the computer. Using video, allowed me to recognize that various 
phases of the engineering-design process that the students were engaged in.  Roschelle 
(2000) referred to video as a “constructed artifact” that contains limitations (p. 16). The 
students oversaw recording themselves while working on the project. Students could have 
chosen or forgot to record certain parts of their process. This will be discussed further in the 
limitations sections of the discussion chapter. All students, regardless of participation in the 
study, were recording themselves. However, video data was used only for students that 
agreed to participate in the study.   
Students had six to eight days to work on the project and they had the flexibility to 
choose how long they would record themselves each day. Each day during the project, class 
time began with four rules: 
1. Record everything 
2. Stay in your own group 
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3. Stay on task 
4. Don’t interrupt other groups 
 
The total amount of video recorded varied per group from 2 to 4 hours. At the end of 
each class period, I retrieved the recordings from the groups participating in the research 
from the iPads. I also looked for any recordings that were deleted and saved those to be 
analyzed later.   
Table 6 describes the demographics of the students in the Introduction to Engineering 
course, which was comprised of two classes of students, which is the reported ethnicity by 
the school district. There were 66 freshmen and 1 sophomore who transferred from another 
school.  
Table 6 
Demographics of Introduction to Engineering course 2016-2017 
Academy of 
Engineering 
Demographics 
African 
American 
Asian Caucasian Hispanic Multi-
racial 
Native 
American 
Total 
9th Grade Male 0 8 34 11 1 0 54 
9th Grade 
Female 
1 2 4 5 0 0 12 
10th Grade 
Female 
- - 1 - - - 1 
 
The number of females in the 9th grade class is low at 18%, however this statistic is 
similar to the demographic trends of gender in the engineering pipeline.  In the year 2000, 
there were 10.6% female engineers (Hill, Corbett, & St. Rose, 2010). Caucasian students in 
the 9th grade make up the largest ethnic category. The demographic breakdown of the groups 
is below in Table 7.  
Table 7 
Demographics of Research Participants  
Student Name Group Number  Class Period  Gender Ethnicity 
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David Group 1 1 Male Caucasian 
Sara Group 1 1 Female Caucasian 
Travis Group 1 1 Male Asian 
Cam Group 2 1 Female Asian 
Luke Group 2 1 Male Caucasian 
Scott Group 2 1 Male  Caucasian 
Gina Group 3 1 Female Hispanic 
Dana Group 3 1 Female Asian 
Mark  Group 3 1 Male Caucasian 
Diego Group 4 2 Male Hispanic 
Hannah Group 4 2 Female Caucasian 
Randy Group 4 2 Male Hispanic 
Ike  Group 5 2 Male Caucasian 
Kip Group 5 2 Male Caucasian 
Shawn Group 5 2 Male Caucasian 
Carly Group 6 2 Female Hispanic 
Jack Group 6 2 Male Hispanic 
Mack  Group 6 2 Male Hispanic 
 
The volunteers that agreed to participate were generally representative of the entire class of 
Introduction to Engineering. Table 8 demonstrates the demographics of the volunteers 
compared to the overall demographics of the two classes.  
Table 8 
Comparison of Demographics of Classes Versus Students Included in Research 
Demographics 
Comparison  
Males Total Males  
included in 
Research 
Females Total Females 
included in 
Research 
Total 82% 72% 18% 28% 
Asian 15% 8% 15% 40% 
Caucasian 63% 54% 31% 20% 
Hispanic 20% 31% 38% 20% 
 
Trustworthiness  
I had dual roles in this research project as a teacher and the researcher. Having dual 
roles became delicate sometimes, however in the next section, I will describe the methods 
that were used to ensure trustworthiness. In qualitative research, it is important to create 
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truth-value, applicability, consistency, and neutrality to the research (Moschkovich & 
Brenner, 2000). One of the methods to give truth-value to the research is to have prolonged 
engagement at the research site (Moschkovich & Brenner, 2000). I had prolonged 
engagement at Bell Ranch High School; I have been a teacher since it opened in 2015. 
Additionally, to add truth-value to the qualitative research, persistent observation is 
necessary (Moschkovich & Brenner, 2000). While the students were engaged in the project, 
as the teacher and researcher, I persistently observed the students, and had recording of their 
work through the entire design project. Students created a video to describe their 
engineering-design process. This video was another form of member checking. Member 
checking was used to understand information from the participant’s perspective (Brenner, 
2006). Another method to ensure that the qualitative research was valid is to ensure neutrality 
of the researcher (Moschkovich & Brenner, 2000). To ensure neutrality of me as researcher, I 
did not view the students’ recordings until after the course was completed.  
Analysis 
Analysis for the study was conducted to understand the research questions, how 
design projects promote students acting like engineers in high school. The analysis of the 
video had three levels, beginning with a description of behaviors and actions I saw in the 
video. Event maps and codes were created to analyze the phase the students were engaged in 
and the descriptions were categorized. From the event maps, a timeline and total time spent 
in each phase was calculated. Finally, the students’ short films were analyzed to understand 
how the students thought about the phases of the engineering-design process. The following 
sections will describe in more detail the levels of analysis that were performed on the data.   
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Transcript methods. There are points in time where the conversations between 
students were transcribed to demonstrate how they were acting like an engineer. Tables were 
used to help organize information and provide analysis. Square brackets were used to 
indicate nonverbal actions. The use of parenthesis in the transcription indicated the parts that 
were hard to understand unless the video was viewed. Any part of the transcript that is 
bolded is considered another phase in the cycle and will be further discussed.  
Level 1 analysis. After the conclusion of the project, I reviewed the video. During 
this preliminary analysis of the data, I described the behaviors I saw in the videos and created 
event maps. The time of each video clip, the day, and the actions of the students were 
recorded. All six groups that participated in the research project had level 1 analysis 
completed for their video recordings.   
During this analysis, event maps were created of each of the engineering design 
phases of to signify when the students were engaging in each of the phases. An example of 
the event maps that appeared in my analysis is described below in Table 9. These event maps 
help to record each of the phases of the engineering design process and map significant 
events (Spradley, 1980). These event maps will then serve as reference points for each phase 
of the engineering design process to be further analyzed and compared to the students’ video 
clips.  
Table 9 
Example of Level 1 Video Analysis-Group 1 
Day Video Clip Time Description 
1 0:03:33 The students are discussing ideas to help 
people. David has the idea to create a handle to 
help people with Parkinson's.  Sara wants to 
consider other ideas. Sara wants to plan it and 
talk about their ideas.  
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1 0:01:14 The students are getting approval from their 
teacher for the project 
 
1 0:37:40 David begins by explaining the project on 
paper to the other group members. 47 seconds 
in, the students go to the computers to start 
designing.  2:45 discussing what to create, go 
back to diagram. Sara takes pen to get more 
descriptive with what they are creating.  The 
students are talking while designing. 
Discussing measurements and how the pieces 
will fit together. Another group asks if they 
drew a schematic, and they show them their 
rudimentary design. "We just roughly sketched 
something,” Sara stated.  Sara helped Devin 
with his design numerous times.  
 
 
 
Level 2 analysis. After the initial analysis, it became clear when students were 
engaged in each of the phases. To understand the various phases that students are engaged in 
during the engineering design project, I created codes that would signify each event that was 
occurring. Table 10 describes the codes that were used and the definition of the codes. I 
selected four representative samples of groups to perform a level 2 analysis. These groups 
were chosen because they had different patterns in the time spent in each of the phases. Two 
groups from each class were included: groups 1, 2, 5 and 6. Further discussion will include 
why those four groups were chosen. Table 11 includes descriptions of the codes that were 
used and the definitions. The National Science Foundation (2003) Table 2 was used as the 
foundation of the codes, however the codes were adapted to fit the parameters of this 
engineering-design project. For example, the National Science Foundation (2003) defined 
brainstorm as “students coming up with as many solutions as possible” (p. 1). For this project 
brainstorm is still coming up with ideas, but also includes researching ideas since the 
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engineering-design cycle that the students used was different than the one suggested by the 
National Science Foundation, Figure 3.  
Table 10 
Codes and definitions of codes used in event mapping process 
Codes Definitions 
Understand  Students are trying to understand the engineering task given  
 They are referring to the document Engineering Design Process 
(Appendix A) 
 Specific questions they might ask could include: 
What is the problem to solve? 
Who is it for? 
What do we want to accomplish? 
What are the project requirements? 
What are the limitations? 
             What is our goal? 
 
Brainstorm  Coming up with ideas 
 Researching ideas (including on the internet) 
 
Plan  Students discussing measurements 
 Drawing their idea on paper 
 Researching their specific idea (including on the internet) 
 
Design  Students are using the computer to design 
 Students are using the CAD program 
 
Evaluate   Students are looking at the prototype to see how to change the design 
 Students are putting the prototype together to test fit or functionality 
 Discussing what can be improved 
 
Improve  Similar to designing, however students are in the second (or later) phase 
of prototyping, meaning that they have already made the first prototype 
 Students are using the computer to design 
 Students are using the CAD program 
 
 
The codes helped to analyze the phases that the students were engaged in during their 
project. It is also important to note that students could be engaged in multiple phases 
simultaneously. To be marked as understand, students need to discuss the parameters of the 
project. During the brainstorm phase, students generate ideas, which can include Internet 
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researching for ideas. When students are in the plan phase, they could draw their design on 
paper, decide the design of the parts, or discuss measurements. If students were researching 
their specific idea on the Internet, then this was classified as the plan phase. During the 
design phase, students are working on the CAD program creating their project. The design 
phase is the specifically for the first prototype. When students were evaluating their 
prototype, students would discuss if the prototype worked. The improve phase was similar to 
the design phase, but was limited to the second prototype. There were some parts of the 
recording that were not included in phases: when students were getting project approval or 
when they recorded the 3D printer printing. 
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Table 11 
Example of Level 2 Video Analysis-Group 1 
Day Video Clip Time Engineering 
Phase 
Person 
Speaking 
Description 
1 0-0:02:17 Brainstorm  The students are discussing ideas to help 
people. David has the idea to create a 
handle to help people with Parkinson's.  
Sara wants to consider other ideas. Sara 
wants to plan it and talk about their ideas.  
 
1 0:2:18-0:03:33 Plan Sara So, how do we want to connect it?  
David describes how it will fit. 
 
1 0:01:14 Not a phase  The students are getting approval from 
their teacher for the project 
 
1 0-0:03:51 Plan  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sara 
David begins by explaining the project on 
paper to the other group members. Sara 
takes pen to get more descriptive with 
what they are creating.  The students are 
talking while designing. Discussing 
measurements and how the pieces will fit 
together. Another group asks if they drew 
a schematic, and they show them their 
rudimentary design.  
 
We just roughly sketched something. 
 
Sara helped Devin with his design 
numerous times.  
 
 
1 0:17:08-0:19:11 Plan Sara 
 
 
 
David 
What I am thinking is I am going to make 
this a circle. What my plan is, I am going 
to make this a circle then have little lines.  
 
Oh, mine is going to be way to small. 
 
They start looking at each other's designs 
and Sara decides to change her design.  
 
1 0:03:52-0:37:47 Create  This group was very vocal and would talk 
aloud while designing. Saying 
measurements, buttons they were pushing, 
or struggles they were having.  
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Level 3 analysis. The event maps and codes gave a good indication of the phase the 
students were engaged in. However, I was more interested in understanding how much time 
the students were spending in each of the phases or if they were engaged in multiple phases 
at one time. The third level of analysis included looking at the time spent in each of the 
phases and documenting whether they were in engaged in multiple phases simultaneously. 
Castanheira, Crawford, Dixon, and Green (2001) used event maps to create timelines for 
analysis. The authors stated, “The contrastive timelines, therefore, provided a text that we 
read for structuring dimensions of each class, and could be used to identify potential phases 
for subsequent analysis” (Castanheira et. al, 2001, p. 370). These timelines will also provide 
a method of comparison for each of the groups involved. Figure 5 is an example of a timeline 
that include time, phases, and if students were engaged in multiple phases at once.  
 
 
Figure 6. Example of timeline used to analyze engineering design phases for Group 1. 
During this analysis, it became clear that I wanted to know the total time spent in 
each of the phases as a method to compare the groups.  The total time spent in each of the 
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phases was taken from the timelines and calculated for each group.   Figure 7 below is an 
example of the time spent in each of the phases.  
 
Figure 7. Example of total time spent in each phase for Group 1.  
The final step in analysis was to analyze the short films that the students created. 
Specifically, the short films were compared to all their recording data to identify if students 
understood each phase of the engineering design cycle and the types of vocabulary used by 
students in their short films. Any words written on the screen in the short film were written 
down for analysis later. The words the students chose, were then mapped onto their timeline 
(see Figure 8).  
 
Figure 8. Example of timeline used to analyze engineering design phases for Group 1. 
 
0:00:00 0:28:48 0:57:36 1:26:24 1:55:12 2:24:00 2:52:48
Improve
Evaluate
Design
Plan
Brainstorm
Understand
1:05:19
0:04:05
1:05:08
0:11:14
0:02:17
0:00:00
Group 1 
Total Time in Each Phase
Total Time: 2:28:03
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Chapter 4: Results 
To begin to understand the results of the engineering design project, first I will 
discuss what each group decided to create for their project. Then, I will summarize the total 
time that was spent in each of the phases. Following a summary of the total time spent in 
each of the phases, and in-depth discussion of what happened in each of the phases. There 
will be excerpts from the video recordings to demonstrate how students were talking and 
acting like an engineer. Finally, the results section will conclude with the students’ 
identification of the engineering-design cycle in their videos they created and an examination 
of what they chose to discuss.   
Group Projects 
 This section will give an overview of the product that each group decided to create. It 
will also display pictures of the various prototypes the students created. This section will also 
give a quick overview of how the students worked together. 
Group 1. The students in Group 1: David, Sara, and Travis decided on their idea 
fairly quickly. The first idea this group brainstormed was the only idea they discussed. This 
group decided to create a handle with interchangeable utensil pieces to help someone who 
has trouble grasping objects. The students thought that their 3D printed piece could be used 
for someone with Parkinson’s Disease. Figure 8 below is a picture of the different 3D printed 
parts and prototypes the students created. This group worked well together and listened to 
one another’s ideas.  
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Figure 9. 3D printed pieces from Group 1 
Group 2. The students in Group 2 were Cam, Luke and Scott. This group decided to 
create an adjustable arm brace. This group did not spend a lot of time in any of the phases; 
however, most of their time was spent improving their initial design. This group printed parts 
of their prototype on four different days. The colors of the pieces indicate that they were 
printed on a different printer and at a different time. The students created adjustable side-
pieces so that the arm brace could move up and down according to the length of someone’s 
arm. On the second prototype, the students included elastic to make the arm cuff more 
adjustable. This group was very quiet, but they did listen to one another’s ideas. Figure 9 is a 
picture of what the students created for their project.  
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Figure 10. 3D printed pieces from Group 2 
Group 5. The students in this group Ike, Kip, and Shawn took a lot longer 
comparatively to other groups to decide on their idea. They each decided to come up with an 
idea and then decided collectively which idea to choose. The three ideas that they came up 
with were an attachment for a fishing rod, a spork with different attachments, and a cellphone 
charging stand. The idea they finally decided on was to create the cell-phone-charging stand, 
which consisted of a shelf that would go over an iPhone or MAC charger for a cellphone to 
rest on. Figure 10, is a picture of different iterations of their project. This group was very 
interested in hearing from each member of the group and making sure all their ideas were 
heard.  
  
 
77 
 
 
Figure 11. 3D printed pieces from Group 5 
Group 6. The group members in Group 6 were Carly, Jack and Mack. This group had 
lively discussions around the type of products they wanted to create. The group brainstormed 
a few ideas. They wanted to make a bow and arrow, a toy boat, or a grabber. In their 
discussion, they knew that they would not be able to make a bow and arrow since that is a 
weapon. The finally decided to make the grabber because it could help someone. Figure 11 
shows the various pictures of the prototypes they created. Prototype 1 was the first print that 
was created and the rest of the pieces did not print. The students printed again and as 
indicated in Figure 10; the pieces were not sized correctly to fit with their first prototype, 
hence the various colors because they were printed at different times. This group talked a lot 
during their recordings and rarely were on task.  
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Figure 12. 3D printed pieces from Group 6. 
Total Time Spent in Each of the Phases 
The total time in each of the phases was interesting to me because it helped to 
demonstrate where students spent most of their time. Figure 12, demonstrates how much time 
each group spent in each of the phases. This was part of the level 3 analyses that was 
completed with the groups. The timelines for each group gave an understanding as to what 
the groups accomplished during each class period. The summary of total time spent in each 
of the phases gave an overall picture of where time was spent during the project for each of 
the groups. The first phase in the engineering design cycle is understand and this appears at 
the top of the graph ending with the last phase improve at the bottom of the graph. The length 
of the bars demonstrates how much time was spent in that phase to the overall time spent. In 
other words, the length of the bars was proportional to the time spent for that group.  
All groups spent the least amount of time in the understand phase, between 0 to 30 
seconds. In fact, no groups, except group 3 spent any discernable time in this phase. Only 
group 3 spent time in this phase, and that was only 30 seconds. There was much greater 
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variety in the brainstorm phase, with times ranging between 2 minutes and 46 minutes. 
Groups 1 and 2 were notable because of how little time they spent in the brainstorm phase 2 
minutes and 5 minutes, respectively. Group 3 spent the longest amount of time, 45 minutes 
brainstorming. Group 4 spent 35 minutes brainstorming, group 2 spent 27 minutes, and 
Group 6 spent 8 minutes. During the plan phase, there was not a lot of variety. Groups 1, 2, 
3, and 4 spent anywhere from 11 to 16 minutes planning. Groups 5 and 6 spent more time 
planning 45 minutes and 31 minutes respectively. The design phase did not have much 
variation with their times. The groups either spent a long time designing or a short time. 
Groups 1, 3, 4, and 5 spent a long time with their initial design ranging from an hour to two 
hours. Groups 2 and 6 did not spend much time with their initial design, rather they spent 14 
minutes and 16 minutes, respectively. The amount of time spent in the evaluate phase ranged 
from 1 minute to 18 minutes. Finally, in the amount of time spent in the improve phase 
ranged from 11 minutes (group 5) to 2 hours 45 minutes (group 3). Figure 11 has the times of 
each group in a graph format.  
I made the decision only to look at 4 of the 6 groups to analyze how they interacted in 
each of the engineering design phases. Most of the groups did not spend very much time in 
the understand or evaluate phases (see Table 12). The groups began to differ in the time they 
spent in the plan, design, and improve phases. This is where I made the decision to further 
analyze Groups 1, 2, 5, and 6. This decision was made because these groups had a variety of 
ways they chose to spend their time. Group 1 spent a lot of time in the design and improve 
phase. Group 2 spent the most time improving and little time in the rest of the phases. Group 
5 spent the most time in their initial design and planning their design. Group 6 spent the most 
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time improving their design and planning their design. This sample of the groups also meant 
that I had at least two groups from each of the class periods.  
At first glance, Groups 3 and 4 might look different from the rest of the groups. 
Group 3 spent the most amount of time brainstorming. However, the time that they spent 
brainstorming was not productive and there was a lot of dead air in their recording. Group 4 
also spent a lot of time brainstorming. However, the time that they spent was on computers 
researching and barely discussing ideas with one another. The patterns of the other phases of 
Groups 3 and 4 look similar to Group 1. There is little time spent understanding, planning, 
and evaluating. The bulk of the time is spent designing and then improving the design. Group 
3 spent almost double the amount of time than other groups in the design and improve phase. 
However, that time that was spent in those phases was proportional to the overall time that 
they spent on the project. Thus, given the poor quality of data in some phases and the 
similarity of time in the other phases, Groups 3 and 4 were not included in subsequent 
analyses.  
Explanations of what transpired in each of the phases will be discussed in further 
sections. I will describe what each group accomplished in each phase and explain how the 
students communicated their thoughts of the engineering design cycle.   
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Figure 13. Total time spent in each of the engineering phases for each group. 
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Engineering design phases-Acting Like an Engineer 
The students in each of the groups exhibited behaviors of engineers, however, the 
degree to which they exhibited those behaviors and how well those behaviors were grasped 
will be discussed in the following sections. I will summarize the sequence of the engineering 
design cycle phases that the groups followed throughout their project, explain what the 
students accomplished in each of the phases, the engineering-design cycle phases. More 
specifically, I examined what aspects of the engineering-design cycle the high school 
students engaged in and what this indicates about how they can act like an engineer.  
Summary of Sequence of the Phases. The length of time is approximated on the 
timelines to show the difference of the phases and what the students accomplished each day. 
Sometimes students engaged in multiple phases at once. This is represented on the timelines 
by putting the other phase below the main phase and indicating the time that was spent. 
Figure 13 is an example of when this occurred.  Time was not removed from the main phase 
that the students were engaged in. The various colors/shading of the boxes indicate the 
different phases of the engineering design cycle, as seen in Figure 14.  When the time spent 
in the phase was not big enough for me to write the entire phase name, the first letter of the 
phase was used. The timelines in Figure 15 show a comparison of the time spent and 
sequence of the phases for groups 1, 2, 5, and 6. The timelines give a synopsis of what phases 
the students were engaged in each day. The dots on the x-axis represent a time period of 10 
minutes. 
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Figure 14. Example of two phases at once. 
When a star appears on the timeline this indicates that the students had 3D pieces that 
were printed. Most often, students started a print in class and 3D printing could take hours. 
Depending on the size of the print, they would receive their completed pieces the next class 
period. Students spent anywhere from 6 to 8 days on their projects, because the requirements 
of the project required completion of at least 2 prototypes. 
 
Figure 15. Key for timelines. 
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Figure 16. Timelines of Groups 1, 2, 5 and 6. 
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Summary of What Each Group Accomplished in Each Phase. The least amount of 
time spent in any of the phases was during the understand phase. Group 5 spent the most 
time in the brainstorm, plan, and design phase. Overall, each group did not spend very much 
time evaluating their projects or at least recording the evaluating phase. Group 2 spent the 
most amount of time in the improve phase. Table 12 is a summary of the time spent for each 
of the four groups in each of the phases for comparison.  
Table 12  
Summary of Time Spent in each Phase 
Phase Group 1 Group 2 Group 5 Group 6 
Understand 0:00:00 0:00:00 0:00:00 0:00:00 
Brainstorm 0:02:17 0:05:42 0:27:46 0:08:21 
Plan 0:11:14 0:23:50 0:45:37 0:27:22 
Design 1:05:08 0:14:15 1:50:00 0:35:03 
Evaluate 0:04:05 0:18:16 0:09:51 0:01:15 
Improve 1:05:19 1:54:34 0:11:47 1:33:14 
Total Time 2:28:03 2:56:37 3:25:01 2:45:15 
 
In the following sections, each group’s process will be described in detail with 
excerpts from their discussions. The discussion will use the engineering design cycle as a 
framework to examine what the students accomplished in that phase. This section concludes 
with a brief comparison of the 4 groups.  
Understand phase. To be classified as the understand phase, the students needed to 
discuss and try to understand the limitations, requirements, and constraints of the project. 
There was little to no time spent in the understand phase for the groups. The time that was 
spent by students did was so negligible it was hard to account for. In the next phase, 
brainstorming, I will point out when the groups were engaged in the essence of the 
understand phase. One reason for the lack of recordings may be a failure to grasp the 
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instructions in the understand phase, because we had gone over the project as a class. Before 
the actual start date of the project, I introduced all students to the topic. The Engineering 
Design Cycle handout (Appendix A) was displayed on the projector. During this 
introduction, I went over the entire handout including the engineering-design cycle, 
descriptions of the phases in the cycle, and behaviors of an engineer. We spent about 20 
minutes going over the project and this part of the introduction was not recorded.  
The other reason that there might not have been any time spent in the understand 
phase is that students might not have recorded these discussions. To be classified in this 
phase of understanding, students should have been trying to understand the engineering task 
they were given, which could include any of the following: referring to the Engineering 
Design Cycle handout (Appendix A), deciding who to design the project for, or 
understanding the project requirements or limitations. Again, these conversations might not 
have been recorded or could have taken place when I went over the project with the class.  
Brainstorm phase. During this phase of the engineering design cycle, students should 
think of ideas, which can include Internet research. Any part of the transcript that is bolded is 
considered the understand phase in the cycle, since the passing instances of understanding 
appeared within extended conversations focused on other phases. All the groups spent time 
brainstorming before they began their project. The amount of time differed and how each 
group came up with their idea was also different.  
During this phase, Group 1 decided to record themselves outside in an interview style 
format, so all group members could be seen on the screen. The students did not bring any 
supplies, such as paper or a computer. Group 1 spent 2 minutes, their entire time in the 
  
 
87 
 
brainstorm phase, discussing an idea that David came up with. Table 13 is an excerpt from 
their discussion during this time.  
Table 13 
Excerpt Group 1 Brainstorm Phase David’s Idea 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 0:12 Sara So we need to come up with an 
idea to help someone. 
Generating ideas 
and referring to 
the constraints 
of the project.  
2  David I have an idea. How about a 
handle with an attachment for a 
spoon, a knife, and a fork. People 
with Parkinson’s that are shaky. 
Brainstorming 
the first idea for 
the group.  
3  Travis That’s pretty good.  
4  Sara So we make a handle… Sara is trying to 
understand what 
the parts would 
be that each 
student would 
create.  
5  David Yeah, with attachments.  
6  Sara But then we have three pieces. I 
call handle. 
This is an 
element of the 
understand 
phase.  
7  David I call fork.   
8  Travis Um.   
9  Sara Spoon seems hard!  
10  Sara We should consider other ideas.  Going back to 
brainstorming. 
11  David Any ideas at the table?  
12  Sara Travis?  
13  Travis Not off the top of my head.  
14 2:01 Sara What about somebody that is 
paralyzed? I don’t know. 
Um…let’s just go with his idea. 
[pointing at David] 
Second idea, but 
she quickly 
dismisses it.  
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There was a brief moment during the brainstorming phase, line 6, where Sara reverts back 
into the understand phase calling out the one of the constraints of the project that there are 
three parts. After the decision was made to create the modified utensil with interchangeable 
parts, the students quickly go into the planning phase discussing what the parts will look like 
and how they will fit together.  
Group 2 spent almost 2 minutes brainstorming their idea. Scott has a computer out 
and the other students, Cam and Luke, are sitting at the table with him. The students are 
sitting silently at the table for the first minute or so and Scott is looking on his computer. 
Scott begins the discussion with the group regarding what they want to create. Table 14 is an 
excerpt of their discussion.  
Table 14  
Excerpt Group 2 Brainstorm Phase Scott’s Idea 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label Interpretations 
1 0:55 Scott So, what do you want to do? 
Something along the lines of a 
prosthetic? 
 
2  Cam Well, it depends on the three 
pieces. 
Cam is referring to the 
understand phase and 
the requirements of the 
project.  
3  Scott I was thinking something maybe a 
ring that goes around your arm. In 
three pieces. Imagine my arm, you 
have a ring right here and three 
pieces and another ring to stabilize 
it. 
This is starting to move 
into the plan phase, but I 
still classified it as 
brainstorm because they 
haven’t all agreed yet 
that this is the project.  
4  Cam So like a brace.  
5 1:40 Scott  Actually yeah, we can do a brace. This appears to be the 
agreement among the 
members that they will 
create the arm brace. 
After this, they start to 
plan what they are going 
to create and discuss 
how it will look.  
  
 
89 
 
Cam, in line 2, refers back to the understand phase to make sure they are meeting the 
requirements. Briefly in line 3 Scott also mentions the three pieces that they would create for 
the project. Almost immediately after agreeing on this idea, the group turns into the planning 
phase of the project. They are not writing anything down, but discussing how the brace 
would fit together. Like group 1, group 2 only considered 1 idea during their brainstorm 
phase.  
Group 5 spent the longest time brainstorming ideas, 27 minutes. During this time, the 
group decided that each member should come up with an idea then they would pick one of 
them. The students started outside and the camera was facing all of the students. Ike 
explained the groups’ ideas to the camera and summarized what they came up with thus far. 
One of the students, Shawn, had a computer to research ideas and he later switched to a cell 
phone. Table 15 demonstrates Ike’s first idea, the spork.  
Table 15 
Excerpt Group 5 Brainstorm Phase Ike’s Idea 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 0:06 Kip So you said that you had an idea?   
2  Ike My idea for the 3D printing is that 
we could have a utensil that people 
can eat with who don’t have 
control of their hands or limbs. 
They can’t move their hands or 
clasp. Something that they can 
hold so they can pick up at eat 
stuff.  
Spork idea 
explained. 
3 0:51 Kip What would we make? A spoon or 
fork? 
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Ike thoroughly explained his idea and also shows them a picture of what he was thinking 
about on his cell phone and also showed the picture to the camera.  Kip explained that he 
thinks it is a good idea, but he also has an idea. Table 16 is an excerpt of Kip’s idea for the 
project.  
Table 16 
Excerpt 2 Group 5 Brainstorm Phase Kip’s Idea  
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 0:37 Kip It’s a good idea, but I don’t know if 
it is something that we want to do 
as our project.  
 
2  Ike So do you have an idea of what you 
would want to do as a project? Do 
you have anything that you want 
to do to help people? 
Referring back 
to the 
understand 
phase the 
constraints of 
the project.  
3  Kip My mom has these fancy glasses 
with a straw built into them. They 
are cool, but they are really hard to 
clean. I was thinking we could 
make a mug that has something like 
that but where the straw is attached 
to it, but when you need to clean it 
you can remove the straw.  
 
4  Ike Oh, you can put it in and turn it in 
and lock it.  
 
5 1:29 Kip I don’t know exactly how we would 
do it right now. That is something 
that would have three pieces. 
Handle cup, and straw holder, and 
the straw itself.  
Referring back 
to the 
understand 
phase of the 
project.  
 
For a moment, Table 16 line 2, Ike refers back to the requirements of the project, creating a 
product to help someone. In line 5, Kip refers to the requirements of the project, the 
understand phase, and determines the three pieces they would create.  
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In the next excerpt, Table 17, Kip was looking on his phone for an idea other than the 
glasses with a straw idea. He decided to search for 3D printed objects and found a cell phone 
charger idea and showed it to the other group members. The students are particularly excited 
to create something like this. Shawn, who was usually quiet also participates and agreed that 
he likes this idea. Table 17 is an excerpt of their discussion.  
Table 17 
Excerpt Group 5 Brainstorm Phase Deciding on an Idea 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 2:04 Kip Hey look at this! That’s pretty 
cool.  
Kip shows picture on 
phone to other group 
members.  
2  Shawn Oh wow, that’s actually cool. 
That’s actually a really good 
idea. I myself would like that.  
Shawn participating.  
3 2:23 Ike That is a good idea, but we 
should make it a shelf to hold 
the phone. An outlet shelf, so 
that you can click into the 
outlet, that holds your phone 
and you don’t have to have 
your phone on the ground or 
another surface and you don’t 
have to worry about people 
stepping on it.  
Ike is talking directly 
to the camera re-
explaining the idea 
they just came up 
with.  
 
Table 18 is an excerpt of the group deciding on which idea to create. To make their 
decision, the students thought about what they needed in order to complete the project ideas 
they had come up with so far, either the spork or the phone charger. They discussed each idea 
and the skills or materials they needed to create the idea.  
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Table 18  
Excerpt 3 Group 5 Brainstorm Phase Determining Materials 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 2:09 Kip I want to think about what we 
would need in order to do the 
project. For yours (Ike’s 
project) we would have to take 
measurements of hands. For 
mine, we would need a phone 
charger and a tape measure. A 
phone too I guess…What 
measurements would we need 
of the hand? 
 
 
2  Ike We would need the palm length 
4-5 inches. Maybe dual-
polymer rubber and plastic for 
spork. What type of filament 
would we use for the spork? 
Going back to cellphone idea. 
Eating utensil, shelf for phones, 
do you have any idea Shawn? 
Ike is discussing the 
type of plastic that 
should be used.  
3 3:43 Kip Do you want to look on the 
internet for ideas (talking to 
Shawn)? 
 
 
 
Two of the group members had come up with ideas for the project, Ike and Kip. Shawn still  
needed an idea. Shawn came up with an idea and explained that he would want to make an  
attachment for a caster reel for fishing.   
To decide on an idea, Kip suggests that they look at the pros and cons of each of the  
ideas. Table 19 is an excerpt from their quick discussion and decision-making.  
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Table 19  
Excerpt 3 Group 5 Brainstorm Phase Final Decision 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 0:41 Kip We have 3 ideas, we need to decide 
on one idea, get down to business… 
Let's look at the pros and cons of 
doing each one. It’s (Shawn’s 
idea-caster reel) a good idea but it 
is not what this project is asking 
for. I think this one (Ike’s idea-
spork) helps people more, but I 
would prefer to do this one (his 
idea, the phone charger stand).   
Deciding on an 
idea and 
referencing the 
constraints of the 
project.  
2 1:12 Ike It seems easier.   
 
 
The students narrowed down the choices by evaluating them against the constraints of the  
project and the skills that they had to complete the project. Line 1 in Table 20 describes a  
very short amount of the understand phase of the engineering design problem and could be  
considered also part of that phase. When Kip states, “this is not what the project asked for” it  
is technically the understand phase, but it took him less than 3 seconds to discuss that. Ike  
says at the very end that a cell phone charger stand seems easier than his own spork idea. At  
this point, the group appears to have made the decision to do the phone charger stand.  
In summary, Group 5 spent the longest of the groups brainstorming, 27 minutes. 
During this time, they each came up with an idea and explained their thoughts to the camera. 
The three ideas were: caster reel attachment, phone charger stand, and a spork. Kip suggested 
that they look at the pros and cons of each project and finally they decided by consensus that 
the easiest project to complete would be the phone charger stand.  
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Group 6 spent 8 minutes brainstorming ideas. During this time, they came up with the 
idea to do a fidget spinner, bow and arrow, toy boats, and a grabber. The students discussed 
these ideas back and forth. The students sat outside the classroom in a flower patch. The 
camera was facing them as they discussed ideas. Table 20 is an excerpt from their discussion.  
Table 20 
Excerpt 1 Group 6 Brainstorm Phase First and Second Ideas 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 0:12 Mack So if we use a bow and arrow, it is 
a weapon, we can’t do it. 
First idea 
2  Carly We can make a fake arrow  
3  Mack But, still, it’s a weapon. If we use a 
weapon, it is not going to get 
approved. 
 
4  Mack I’m still on that grabber thing. Second idea 
5  Carly But, how are we gonna make it?  
6  Jack We could put a string on one end. 
And the handle would pull the 
string back. 
 
7  Mack Why don’t we make a long cylinder 
like thing. It will connect to the 
thing that will open and close the 
thing (make claw motions with his 
hands). 
 
8  Jack  What if we do a …  
9  Carly No.   
10 1:08 Mack We could really do it though.   
 
In the discussions following, the students came to a standstill and started to get off track.  
Mack walked off screen and grabbed a branch that he began whipping around. Then the 
students discussed their next idea in Table 21, a toy boat idea.  
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Table 21 
Excerpt 2 Group 6 Brainstorm Phase Toy Boat Idea 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 1:52 Mack  We can do toy boats.   
2  Carly We can make little toy boats! Oh 
my god that would be adorable! 
 
3  Mack Yeah, but it is not going to help 
anybody. 
Mack reverts 
back to the 
understand phase 
momentarily.  
4  Jack  Yeah it will! It will help kids in the 
bathroom feel safe and secure. 
When they see a boat, they will 
think of boating. 
 
5 2:09 Mack  Honestly, yeah.   
 
At this point, the students started laughing and are off task. It was not until a few video clips 
later that the students were discussing ideas again. Mack in Line 3 reverted back to the 
understand phase and was evaluating the idea of the toy boat against the constraints of the 
project.  
Table 22  
Excerpt 3 Group 6 Brainstorm Phase Grabber Idea 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 0:04 Mack  So our first idea was the grabber.  
2  Carly I don’t really know how we would do 
that though. 
 
 
3  Jack  String, attach it to little pieces [making 
claw motion with hands]. 
 
4  Mack   Do we need string or do you have to 
make all of it out of…. 
 
5 0:23 Jack  No, she said you can use outside stuff. Jack referring back 
to the understand 
phase when I went 
over the project as a 
class.  
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At this point, the students reverted to the understand phase, in line 5, for a few seconds and 
Jack was thinking about the constraints of the project, which is classified as the understand 
phase, but it only took a few seconds. I stated when I explained the project, that students 
could use outside parts if they needed to put their project together: string, screws, hinges, etc.  
 In the next excerpt, Table 23, the students continued to try to brainstorm. This 
excerpt is an example of how the students worked, but could quickly get off task.  
Table 23 
Excerpt 4 Group 6 Brainstorm Phase Back to the Toy Boats 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 0:56 Mack Think, think, think, think, think, 
think… 
 
2  Jack  Toy boats.  Back to the toy 
boat idea.  
3 1:09 Carly I like toy boats. Then we could 
have a tongue twister. 
 
 
The students were off task again repeating the word toy boats over and over again.  
Frustrated that they could not come up with an idea, Mack reverted to the understand 
phase in Table 24.  
Table 24 
Excerpt 5 Group 6 Brainstorm Phase and Back to Understand Phase 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 1:25 Mack What is one problem that you 
have? 
Understand 
phase.  
2 1:32 Jack  I can’t sit still, that is why I bought 
a fidget spinner. 
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The interchanging of the phases from understand to brainstorm happens so fluently and 
quickly that sometimes it was hard to catch when they have switched from one phase to the 
other. In line 1, Mack is trying to come up with an idea and tries to think of problems that 
people have. The other phases have more distinct behaviors and it was easier to track when 
they are in that phase. This group finally narrowed down their idea when they talked to me to 
explain all the ideas they had and that conversation was recorded. A bow and arrow was not 
allowed because it was a weapon and when I asked them how a toy boat could help someone, 
they did not have an answer. So, the group decided to make the grabber.  
 In summary, every group was engaged in the brainstorming phase, but how quickly 
they decided on their idea varied. Group 2 was the quickest group to come up with their idea, 
1 minute and 42 seconds; Group 1 was similar and spent about 2 minutes deciding on their 
project. Group 5 spent the longest amount of time brainstorming, 27 minutes, because they 
thought each person should come up with an idea. Group 6 spent 8 minutes brainstorming, 
but the students were playing or discussing the same ideas over and over again for much of 
that time. There were brief moments of the understand phase that appeared in each group 
discussion. The students generally referenced the constraints and requirements of the project 
when trying to decide on an idea, which is the definition of the understand phase.  
Plan phase. To be considered the plan phase, I was looking for students to discuss 
measurements of the parts, draw their idea on paper, or research their specific idea on the 
Internet. Generally, students were drawing on paper and making decisions about how big 
they wanted each of the parts to be and how they would fit together during this phase. The 
amount of time that groups spent on this phase ranged from 11 minutes to 45 minutes.  
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Group 1 spent 11 minutes planning their idea. This led to problems later when they 
were in the design and improve phases. The students had been taught in other design projects 
to draw orthographic designs with precise measurements. This group did not draw a detailed 
plan and only sketched out their thoughts. Table 25 is an excerpt of their discussion in the 
plan phase.  
Table 25 
Excerpt 1 Group 1 Plan Phase Deciding the Pieces  
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 2:43 Sara Well, let’s plan it. We have to 
talk about it. We have to use 
the parameters. So how do we 
want to connect it? Do we want 
to like twist it in? 
Referring back to the 
understand phase 
and the requirements 
of the project.  
2  Travis Twisting it in is kind of hard 
though. Hard to design.   
Discussing the 
feasibility of what 
they want to design.  
3  David The handle goes all the way 
around the a full circle, then 
there is this little off shoot with 
a slightly smaller piece. There 
will be a hole about the same 
size as that that goes in. But 
tight enough to where it doesn’t 
slide off easily [David is 
making hand gestures to give a 
visualization of the parts he is 
discussing]. 
 
4  Travis Are we going to do separate 
pieces for the fork and the 
spoon? 
Trying to understand 
the design.  
5  Sara The handle is going to be one 
piece, you put in the fork or 
you take it out. Or you can put 
in the spoon and take it out.  
What’s the size? Is it going to 
be like regular fork and spoon?  
Discussing 
dimensions, but not 
specific numbers.  
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6  David Yeah, about dinner size. [Travis 
nodding his head yes] I don’t 
think we should make a salad 
fork. I mean we could make a 
salad fork. I don’t see the 
difference.  
 
7  Travis I think it’s fine.   
8  Sara We can just do the normal size. 
Like a regular dinner fork and a 
regular dinner spoon. Whatever 
it is called.  
 
9  Sara Spoon seems hard! Discussing the 
feasibility and of the 
project again.  
10 4:56 Travis So we are good?   
 
Sara in line 1, refers momentarily back to the understand phase, she wanted to ensure that 
they are meeting the requirements of the project. The students during this excerpt were also 
trying to ensure that they had the skills to create their project and in lines 2 and 9, the 
students Travis and Sara, reference that they thought the design would be hard.  
In the next clip in Table 26, the group moved into the computer lab and David got 
paper out and drew his idea. This next excerpt took about 30 seconds to complete. The 
students did not discuss measurements, however, they immediately began designing on the 
computer.  
Table 26 
Excerpt Group 1 Plan Phase Drawing Design 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label Interpretations 
1 0:43 David We have the handle, basically a 
circle with a little off shoot. That 
can be smoother. Then we have 
the fork attachment, but I can’t 
draw. 
David is drawing out 
what he explained 
earlier.  
2  Sara That’s ok, as long as we have a 
basic idea.  
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3  David Then a spoon that looks like a 
purse (the students start laughing).  
 
4  Sara Are we going to have the bottom 
be a special attachment? 
 
5 1:37 David Yeah, yeah, this just slides over 
this little piece.  
The students move to 
the computers to start 
designing.  
 
The group quickly made a sketch of their design so each member understood what to create, 
then they started to design.  
Group 2 spent around 24 minutes creating their plan. They had tailor measuring tapes 
out and found the dimensions of each person’s arm. Cam wrote down the dimensions while 
Scott measured Luke’s arm. The students alternated until everyone’s arm was measured. 
Cam began to draw out a sketch of each of the parts. Table 27 is an excerpt of their 
discussion.  
Table 27 
Excerpt Group 2 Plan Phase Deciding Design 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label Interpretations 
1 1:50 Luke Alright, a brace. So we can take 
two rings… 
 
2  Scott Maybe here and here [Scott 
creates a ring shape with his hand 
and motions to the top of his arm 
and the bottom]. 
 
3  Cam We have to come up with a way to 
put the ring on [Cam makes open 
and close movement with her 
hands]. 
Cam understands that 
slipping a ring over their 
arm might be 
challenging.  
4  Scott  Have you seen something where it 
is kind of like teeth? You know 
those like clamps with a wire to 
hold it and it like clicks on?  
 
5  Cam Like a zip tie? The students are silent 
for a while after this. 
Cam and Luke are 
staring straight Scott is 
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looking on the 
computer.   
6  Scott Maybe we could do a screw that 
would hold it and then you can 
pull it off. Maybe we can have 
something up here that would 
keep it closed [Scott is making a 
ring shape with his hands a 
referring to the top of the ring]. 
 
7  Cam Like it could have a hinge and you 
can have something that clips on.  
 
8  Scott Like in a circle?  
9  Cam It would be a circle. There would 
be a hinge here [Cam is making a 
circle shape with her hands and 
referencing the bottom of the 
circle]. There is something on this 
side so that it [She is making a 
clasp motion with her hands].  
 
10  Scott Oh, ok.   
11  Luke Who would design the part?  
12 4:13 Scott I guess eventually we will get to 
that.  
 
 
Most of the 24 minutes was spent measuring each person’s arm with little discussion. This 
excerpt is the only discussion that the students had while planning. The rest of the time, the 
students quietly measured each other’s arms and wrote down dimensions, but did not talk. 
Group 5 spent about 45 minutes planning, which was the longest amount spent 
planning of the four groups. During this phase the students had paper, a tape measure, and 
three cellphones out. Kip suggested looking at measurements for another phone on the 
computer because he knew it was a different size. Table 28 is an excerpt of their discussion 
and Kip is the primary person who was drawing out their plan while Shawn and Ike told him 
measurements.  
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Table 28  
Excerpt 1 Group 5 Plan Phase Measuring Phones 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 0:07 Kip Get your phones out. I know the 
largest phone is the 7 plus,  
 
2  Ike They are all about the same size.   
3 0:35 Kip Our phones are all around 5 ½, 5 ¼, 
5, that is just because of the cases. I 
think we should look up 
measurements for the iPhone 7 
because I want to be able to 
accommodate larger phones.  
Measuring to 
decide on 
dimensions. 
 
In line 1, Kip began to draw on graph paper the size of each phone and discussed 
measurements.  Instead of each person creating their own drawings, Shawn took charge and 
took the paper from Kip and began to draw each part. 
 In Table 29, the students discussed how to change future prototypes so that the use of 
the phone charger stand was better.  
Table 29  
Excerpt 2 Group 5 Plan Phase Designing Future Prototypes 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 17:27 Ike If our first prototype works perfectly, 
what should we add to our second 
prototype? A clock? 
 
2 18:01 Kip Something. I don’t know how we are 
going to incorporate it into the first 
prototype because there is going to be a 
ridge in it, you won’t be able to stand 
your phone up. So you won’t be able to 
charge your phone standing up unless we 
put a hole in the bottom for the charger. 
That is something that we can prototype, 
but I don’t want to consider it in the first 
prototype in case it is too difficult.  
Discussing 
feasibility of design.  
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Kip in line 2 refers to a product he wanted to create, but is unsure if it will be too difficult to 
design. The rest of the 45 minutes planning is similar to the excerpts show in Table 29 and 
30 because Kip continued to draw and measure. At some point, he asked for help and Shawn 
and Ike began to help measure.  At the end of the plan phase, the students appeared to have 
created detailed sketches of the parts they wanted to create.  
Group 6 spent 31 minutes planning, and during this time they watched videos to 
understand how a grabber worked. Researching videos for their specific part was classified as 
the planning phase because they had already chosen their project. During this phase, the 
group spent most of their time trying to understand how a grabber works. Table 30 is an 
excerpt from their discussion. The excerpts for Group 6 in this phase are choppy because the 
group works for a few minutes and then were off task, as they were in the prior phase.  
Table 30 
Excerpt 1 Group 6 Plan Phase Deciding Dimensions 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 3:31 Mack If my handle was this big… Let’s 
make it 4… 
 
Deciding on 
dimensions. 
2  Carly Wait, so you need to make it taller. 
So what you need to do is.. 
Carly is using 
hand motions to 
show how a 
grabber works.  
3  Jack We can have the string tied 
around…so what I am thinking is 
there will be a lid in the tube that 
the string runs down. 
 
4  Carly Yeah.  
5  Mack Yeah.  
6 4:49 Jack I am thinking we need a cylinder.   
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Mack looked at his phone and measured it because he could hold it in his hand. Carly tried to 
explain to Mack how a grabber works. Table 31 is the group’s continued discussion about 
how big to make each of the pieces.  
Table 31  
Excerpt 2 Group 6 Plan Phase Deciding Dimensions 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 6:12 Jack How thick should the handle be?  
2  Carly Thick.  
3 6:48 Jack So like two inches thick? Discussing 
dimensions.  
 
The group then bursts into song and stops discussing the project, but they all have laptops out 
and it is unclear what they are working on.  
Table 32 demonstrates the continued discussion about how the grabber will function. 
Carly explained to Mack her thoughts about how she thought the grabber would work in 
Table 33. Additionally, she was using a lot of hand motions to explain her thoughts. 
Table 32 
Excerpt 3 Group 6 Plan Phase Understanding a Grabber 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 1:04 Mack My phone is about 5 and ½ inches, 
so if I was grabbing my phone, then 
this would be good… 
Discussing 
relative size.  
2  Carly Did you not hear what I said? So 
you want it open like this, and the 
string will come down right here 
Making hand 
motions. 
3 1:42 Mack Show me a picture (to Carly).  
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Mack grabbed paper and a ruler and began to draw out the design. It appears that Mack was 
making the decisions on the size of each part without consultation with the other members. 
The other students were on their computers.  
 Group 6 spent 31 minutes planning, however, most of that time was off-task behavior 
like singing, talking about other subjects besides engineering, or the students were on their 
laptops. Although this group spent a lot of time planning, most of the time on task could not 
be considered thorough planning.  
Overall, all the groups had some sort of a plan before beginning the design phase. 
The degree to which the students planned differed. Group 1 decided their plan as a group and 
drew a rough sketch without deciding on all dimensions, but just a general size of their parts. 
Group 2 worked together to measure each other’s arms, decide on dimensions, and decide 
upon a design. Group 5 had the most detailed plan and created this plan together, used graph 
paper, researched dimensions, and measured their phones. This group used appropriate tools 
when measuring, using rulers and calipers for precise measurements. Group 6 had a plan, 
however, it was unclear if all students contributed to the plan. Most of their time was spent 
understanding how a “grabber” functions.  
Design phase. There was a variety in what was recorded during this phase. 
Sometimes, the students would have the camera facing them, so you could see their faces, but 
not what they were doing on their laptops or computers. Other times, the students would 
orient the camera so that it was looking at what they were creating in the CAD program. To 
be classified as the design phase, students were working on the computer to design using the 
CAD program, SolidWorks. Any recordings of the 3D printer printing were not included, but 
setting up the 3D print on the printer was included in the design phase.  
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This group spent the least amount of time creating their plan. When they went to 
create their design, it took them over an hour for their first iteration. This led to printing 4 
different times over the course of the project to get the pieces to be the correct size. This 
group was very vocal when they were designing. They would often talk out loud to one 
another discussing what they were doing or checking in with dimensions. The students would 
begin designing and then pause because they are unsure of what to create and the dimensions 
of each part. The camera was to the backs of the students showing what they were designing 
on the computer. Table 33 demonstrates that the students had begun designing and then 
stopped because they did not know what size to make their parts.  
Table 33 
Excerpt 1 Group 1 Design Phase Back to Planning 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 11:09 Sara So, do I need to make a cylinder for the 
handle? That diagram is very 
descriptive (students start laughing).  
 
2  David Hey, it’s a very basic overview because 
I can’t draw.  
 
3  Sara It’s ok.   
4  David So, I guess a cylinder.   
5  Sara So, do I want to go over the handle 
[Sara is drawing] like this, pretend it is 
perfect.  
 
6  David You have to somehow add an off-shoot 
because we [David is talking to Travis] 
are going to have to make little 
rectangles that go over it.  
David and Travis 
are making similar 
parts. One is 
making a fork and 
one is making a 
spoon. Both 
should fit over the 
handle piece.  
7  Sara I have an idea. What if I made a 
rectangle here. The base of the fork 
and the base of the spoon with an 
opening here and this opening will fit 
over this.  
 
8  David Yeah, that was my idea.   
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9  Sara Somehow it has to stay in. How do we 
get it to stay? 
 
10  David It just has to be tight enough. 
Remember, this is prototype 1.  
 
11 13:46 Sara Ok, so on the base of yours you want it 
to look like this.  
 
 
This excerpt of planning in the design phase is shown on the timeline underneath the design 
phase, Figure 12. They started the design phase, but then went back to the plan phase 
momentarily.  
In the next excerpt, Table 34, Sara started to create her part and wrote down the 
measurements for the other students to reference while they were designing their part. They 
started looking at each other's designs and discovered that they were not making their parts 
the same size. 
Table 34  
Excerpt 2 Group 1 Design Phase Dimensions Not Right 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 2:01 Sara What I am thinking is I am going to 
make this a circle. I am going to 
make this a circle then have little 
lines. 
 
2  David Oh, mine is going to be way too 
small. 
The group is not 
understanding 
the dimensions 
to make the 
parts.  
3  Other 
student in 
class 
Did you make schematic? Another student 
is asking if they 
created a 
drawing of their 
parts before 
beginning.  
4 2:37 Sara This is our schematic [showing 
sketches from earlier] we just 
roughly sketched something.  
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Another student in the class asked if they made a schematic or drawing for the project, 
because the students in Introduction to Engineering were taught to make a plan, an 
orthographic drawing before they started designing in previous projects.  
 Group 2 began the design process collaboratively, but recorded the least amount of 
time designing, 14 minutes. Cam was at the computer using the CAD program while Scott 
and Luke were watching and offering input. The camera was facing the back of the students 
so we can see the computer. The group was relatively quiet while Cam was designing. She 
periodically stopped to ask about a dimension, but the other two group members watched, 
with interest, while she designed. I am not sure why all students were not designing their 
parts, since Scott and Luke were just watching. There was not much video recorded of this 
first phase of designing because the next day’s recordings show the groups started to print the 
first part. The quality of the video was not good enough to get any excerpts of what the 
students were discussing because they were talking so quietly.  
Group 5 took almost two hours to create their first design, which resulted in the group 
printing only twice because their measurements were correct. “Measure twice, cut once” is a 
common phrase used in construction. This group was the model of that phrase; they took the 
longest to create their plan, but only had to print pieces twice and the pieces fit. While the 
students were designing, they would reference their plan that they created on paper and 
check in with one another regarding the progress of the design. The camera was pointed at 
the students, so I can only assume they were designing for a while by their other actions of 
being on the computer and referencing their plan. Table 35 is an excerpt of their discussion.  
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Table 35  
Excerpt 1 Group 5 Design Phase Beginning to Design 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 8:09 Ike Is this going to be a square?  
2  Kip Yeah, it’s going to be a square. 
Basically, a cube with no center in 
one direction.  
Discussing design 
3  Ike How do I make the depth of it? 
How do I open up the other… 
 
4  Kip Uh.  
5  Ike That is the only hard part with this.   
6  Kip I think you have to go to extruded 
boss/base.  
 
7 9:15 Ike Oh ok. Now it is doing good. Now, 
I just need to shell it.  
Shelling in 
SolidWorks is to 
create a hollow 
model.  
Ike talked out loud a lot when he was creating his design. In line 1, he was making sure he 
was making the right shape, in line 5, he stated that there is a hard part with his design, and in 
line 7, Ike articulated that the design was going good.   
Table 36 is another demonstration of how the students were referencing their plan 
while creating the design. This was an important step because it will later lead to fewer 
mistakes if everyone in the group was following the plan.  
Table 36  
Excerpt 1 Group 5 Design Phase Checking Dimensions 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 9:51 Ike What dimensions do we make this?  
2  Kip It’s on your paper (referencing the 
diagram they created). 
Students 
referencing the 
plan they created.  
3  Shawn I should make this that tall (referencing 
the diagram they created)? 
 
4 10:35 Kip Yes, that tall… it’s going to be 47.04 tall.  
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Kip spent a lot of time drawing out the plan that the group used for their design. He included 
dimensions and then the group referenced the dimensions that they will design in line 3.  
Group 6 spent the 35 minutes designing, and was the least collaborative group during 
the design phase. All group members appeared to be working because they were on their 
laptops. However, the camera was not pointing at their computers so it was unclear what 
each member in the group is working on. Most of the time the students were working 
independently and there was not a lot of discussion. One of the discussions is shown in Table 
37. Mack was still confused how the grabber would work and Carly explained that they 
would attach all the pieces with string. This group did spend time designing, but sometimes 
all group members were not present.  
Table 37  
Excerpt 1 Group 6 Design Phase Mack and Carly 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 1:42 Carly There [she shows Mack her design on 
the laptop]. 
 
 
2  Mack How did you do it? I am trying to think 
about how we are going to move it 
back and forth. How is it going to be 
able to move back? 
 
Mack is stuck on 
how all the pieces 
will fit and move 
together.  
3  Carly You are just going to make a hole.  
4  Mack I want to be able to understand how we 
are going to move it back and forth. 
Trying to 
understand a 
grabber. 
5  Carly There is nothing to understand. You 
are going to cut a hole inside of this 
thing. 
 
6  Mack  We cut it ourselves? 
 
Misunderstanding 
how to use the 
CAD program.  
7 2:47 Carly No. We are going to do the extrude 
base thing.  
 
Using wrong CAD 
vocabulary.  
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It seems that Carly finished her design in line 1 or at least a part of the design. Mack was 
confused about how the entire design would fit together in line 2. This led to Carly and Mack 
discussing in lines 5 through 7 how Mack would finish his design in SolidWorks.  
 During the design phase, it was evident when students were designing because they 
were on the computers and would often check in with each other regarding their designs. The 
time spent designing varied among the groups. Group 5 spent the longest time on their first 
design, 1 hour and 50 minutes and Group 1 spent over an hour designing. Group 2 spent the 
least amount of time, 14 minutes on their initial design and Group 6 spent 35 minutes. What 
was discussed amongst the groups during the design phase also differed. Group 1 started to 
design, but then figured out that they needed a solid plan before beginning. Group 2 began 
their design all together with one person designing and the other two students watched. 
Group 5 had the most detailed plan before designing and would reference that plan when 
they created their design. Group 6 spent their time working independently and would 
periodically check in with one another during the design phase.  
Evaluate phase. The evaluation phase was also one of the shortest phases among all 
the groups. Normally for an engineering design project, during this phase designers would do 
some sort of test to see if the product works. For the students in this project, the evaluation 
phase consisted of getting their projects and seeing if the pieces fit together, if they printed 
successfully, or if the overall design was satisfactory from their plan. Generally, this took 30 
seconds for the students to evaluate if the 3D printed piece was correct. Some groups did not 
record these scenes, even though they were reminded. Below I will describe a few scenes that 
were captured. Group 1 recorded themselves picking up one of their prints. They couldn’t 
find it because there was something wrong with how they set-up the print. John Reid, the 
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engineering mentor, discussed with the group the reasons why their print failed. Filament 
refers to the plastic that gets heated during the 3D printing process. There were two extruders 
on each 3D printer that heat the filament to create the plastic 3D printed piece. When the 3D 
prints get set up to print in FlashPrint, students need to choose which extruder they will use, 
the left or the right. In novice 3D printers, this leads to the most failed prints. An analogy of 
the mistake that the students made would be like trying to print a document and the user is 
choosing the wrong printer to print the document so nothing is printed.  This example below 
in Table 38 is a common evaluation phase for this project. 
Table 38  
Excerpt 1 Group 1 Evaluate Phase Engineering Mentor 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 0:51 John Reid You had it on the left and the left 
side doesn’t work. You need to 
redo it in Flashprint for right, and 
then print it. Or, bring the one that 
is ready for the left and printers are 
available with filament on the left. 
Anyways it didn’t print at all. 
The engineering 
mentor 
explaining the 
mistake that was 
made.  
2 1:23 David So, find the printer with the 
filament on the left.  
 
 
David in line 2 is trying to understand the mistake that was made with trying to print their 
parts.  
Overall, Group 2 spent the most amount of time evaluating their project, 18 minutes. 
Table 39 demonstrates how the group evaluated each of their pieces and discussed what 
should be done next. 
  
 
113 
 
Table 39  
Excerpt 1 Group 2 Evaluate Phase Cam and Scott 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 0:28 Cam We need to make some more poles. Discussing 
changes 
2  Scott  So we have two.  
3  Cam And we have to someone make it so 
it stops (referring to the poles). 
Discussing 
improvements 
4  Scott So, we attach it here. I think we 
should cut them in half. 
 
5  Luke In SolidWorks cut them in half?  
6 1:23 Scott Yes.   
 
Group 2 spent the most amount of time evaluating their pieces, 18 minutes. During this time, 
they would discuss what they wanted to improve.  
 
During this evaluate phase, students would refer to their prints, but normally would 
not give a reason for why something went wrong. There is also an interesting theme that 
happens during this evaluation phase. Students refer to the printer as not working, not taking 
responsibility for the printer not working. For instance, in Table 40, Group 5 discusses their 
second prints and compared them to the first version prints.  
Table 40  
Excerpt 1 Group 5 Evaluate Phase Kip and Ike 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 0:09 Kip My part didn’t print that well, but here 
compare your part to your old one (to Ike). 
I think Shawn’s part needs work on the t-
shape. What do you think? 
Not taking 
responsibly for the 
failed print.  
2  Ike It looks much better.   
3  Kip It actually printed this time. Which is 
good.  
 
4  Ike Not having a print fail is good.   
5 0:39 Kip This part is all messed up (referring to his 
own part).  
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In line 1, Kip stated that his part did not print well. In line 5, Kip referenced that the part is 
messed up, but does not discuss how to fix it.  
Group 6 evaluated their prototypes like the other groups. However, they only 
recorded themselves during an evaluation phase once. Table 41 is an excerpt from this 
evaluation by Carly.  
Table 41  
Excerpt 1 Group 6 Evaluate Phase Carly 
Line or 
Turn 
Number 
Time 
Stamp 
Speaker Quote Label 
Interpretations 
1 0:32-
0:55 
Carly For our prototype, what we have 
now, we have the handle, we have 
half of the claw. We were supposed 
to print two of them, but only one 
of them printed. And it said that it 
was too big of a file, so we are 
going to have to figure out what 
that is. 
Not taking 
responsibility 
for the failed 
print. 
 
 
Being that I am the researcher and the teacher, I know the reason why their print failed. 3D  
printing takes hours to complete, sometimes I would have to set-up their prints after class to  
be printed. When the students gave me the file to print, they had dimensioning issues. One of  
the claws that they wanted to get printed was as big as the 3D printer itself and was too big to  
print. The students did not scale the pieces correctly. This is another example where the 
students blame the issue on the 3D printer instead of understanding that it was user error.  
The evaluation phase was short for all of the groups. Group 2 spent the most amount 
of 
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time in the evaluation phase, 18 minutes. Group1 spent 4 minutes, Group 5 spent 10 minutes, 
and Group 6 spent 1 minute. During this time groups would evaluate their prints and generally 
discuss what they needed to change for the next print.  
Improve phase. The improve phase could be classified under the design phase, but I 
wanted to keep this phase separate to understand if the actions were different among the 
groups. If their plan was successful, then during this phase, there should not have been much 
time spent because they planned each step. After analysis, the actions and behaviors during 
this phase are similar to the design phase; students were on computers in the CAD program 
designing.  
Group 1 spent the least amount of time planning and most of their time in the design 
and improve phase. The group spent a total of 2 hours and 28 minutes on this project. An 
hour of that time was spent in the design phase and an hour in the improve phase, which led 
to the group creating 4 prototypes.  
Similar to Group 1, Group 2 spent the most amount of time in the improve phase, 1 
hour and 54 minutes. This group’s progression through the project was interesting because 
they did not spend very much time in any of the phases and then spent the most amount of 
time improving their design.  
Group 5 spent the least amount of time improving their design. This could have been 
due to that they spent almost 2 hours in the first design phase and there were only minor 
changes that needed to be made.  
Group 6 spent a lot of their time in the improve phase since their initial design time 
was short. Their initial design time was 35 minutes and the improve phase was 1 hour and 33 
minutes.  
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The Students’ Interpretations of the Phases 
The prior section of the analysis was based upon my interpretation of how the 
students implemented the engineering design cycle. This section seeks to describe the 
students’ understanding of the design cycle as shown in their efforts to communicate about 
the process. For this part of the analysis I wanted to look at three features of their 
understanding: 1) how did the students identify the engineering design cycle, 2) did the 
students accurately convey their implemented sequence and use of the engineering phases 
during the project, and 3) how did the group overall communicate like an engineer? 
The final assignment of the design project was for the students to create a video to 
explain their design process during the project. The directions for this assignment were, 
“Make a video (using the video data you recorded) demonstrating each of the phases of the 
engineering-design process. Your video should show your process using the engineering-
design phases” (Appendix A). The length of the video was supposed to be 3 to 5 minutes. 
The students had created a video in the beginning of the year for another project. So, the 
students were familiar with video editing software. The students chose clips of their 
recordings and put words or phrases on the screen to demonstrate which phase of the 
engineering-design cycle that the students were engaged in. There was no audio. The screen 
presentation included only words on the screen or background music. The students had 
access to the engineering-design cycle for this project (Appendix A). The data used in this 
section were the videos that the students produced. Figure 16 is an example of the students 
choosing a video clip and writing the phase of the engineering design cycle on the screen.  
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Figure 17. An example from Group 2 of the video they created.  
Identification of the engineering design cycle. This part of the analysis will state 
how the students conveyed their process during their videos they created.  In this section, I 
will describe what the students produced with their video and analyze the words the students 
put into their videos. I will look at the phases they described and how much they used formal 
engineering vocabulary.  
 Group 1 used the words in Table 42 to describe their engineering design process. The 
group started their description of their project with the creation of the first prototype. The 
video began with the words “First prototype on the screen” in line 1 and shows the students 
getting their first 3D printed parts. Next, the words “Designing the part” in line 2, come on 
the screen and the students are working on the computers. Next, “Printing” in line 3 comes 
on the screen and there is a clip of the 3D printer printing the parts. Then, “Revised 
prototype” in line 4 is on the screen and the clips shows the students getting more 3D printed 
pieces. Finally, in line 5, there is an image labeled “All our prototypes” that demonstrated the 
four prototypes that the group printed.    
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Table 42  
Group 1 Video Summary 
Line Number Time Stamp Words Used in Video Description of Video Clip 
1 0:01 First prototype The clip shows the students 
getting the 3D print and 
evaluating what  
happened.  
 
2  Designing the part Shows the students working on 
the computers 
 
3  Printing Clip shows the 3D printer 
printing 
 
4  Revised Prototype Clip shows the students getting 
their 3D printed parts.  
 
5 6:53 All of our prototypes The final image is of all 4 of 
their prototypes.  
 
 
Group 1 used words engineering words: prototype and designing. There was limited 
vocabulary used in the videos.  
Group 2 was the most descriptive when describing their project. The group did not 
describe their project linearly, but took a different approach and described what happened 
with each of the parts. The group began their description in Table 43, line 1 with the idea that 
they wanted to create an adjustable arm brace. The students then researched and measured 
each person’s arm in the group. The group had three parts: the upper arm brace, the wrist 
brace, and the adjustable poles. In line 4, Group 2 began to discuss each of the parts and what 
happened to the parts for their first prototype. Lines 4, 5, and 6 establish the extensive 
description this group gave to demonstrate their process. The group then explains what 
happened with the second prototype for each of their parts in lines 7, 8, and 9. The video 
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ends with the students assembling the parts and making sure it fits each group member. The 
group ends with this statement, “Our finished arm brace meets our engineering goals because 
it can help someone in need and is also able to fit many different arm sizes” (line 10).  
Table 43 
Group 2 Video Summary 
Line 
Numb
er 
Time 
Stam
p 
Words Used in Video Description of 
Video Clip 
1 0:01 We decided to design an adjustable arm brace.  
 
The students are 
outside 
brainstorming.   
2  We researched… The group is 
looking at research 
on the internet. 
 
3  …and we measured to make sure it would fit all of 
us. 
 
Showing students 
measuring  
  Our three parts were: The upper arm brace, the 
wrist brace, and the adjustable poles.  
 
This clip shows all 
three parts 
 
 
4 
 
 
 
 
5 
 
 
6 
 
 
 
 Prototype 1 
• Part 1: The Upper Arm Brace Designed by 
Scott. We designed it as a solid ring with a 
small opening to allow for arm movement. 
Then, we printed the part.  
• Part 2: The Wrist Brace Designed by: Cam 
We designed the part as a smaller version of 
the upper arm brace using the measurements 
we took. The part didn’t fit so Cam 
designed another part with a living hinge so 
it could open and close.  
• Part 3: The Adjustable Poles Designed by: 
Luke. Our first print failed. Our second fit, 
but it came out, so we taped it to the test 
concept.  
 
Shows Cam 
designing on the 
computer and 
Scott and Luke 
watching.  
Shows the students 
working at the 
table. And the part 
with the living 
hinge that they 
taped together.  
Shows the students 
getting the pieces 
of a failed print 
and then showing 
the print that 
worked.  
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7 
 
 
8 
 
 
 
9 
 
Prototype 2 
• Part 1: The Upper Arm Brace. Scott 
optimized his part, making it thinner to 
increase flexibility.  
• Part 2: The Wrist Brace. Cam optimized her 
design by changing the shape into an oval 
and making a thicker living hinge. 
Unfortunately, the opening melded together 
when it printed, so we decided to tape and 
use the previous print instead.  
• Part 3: The Adjustable Poles. After our first 
two attempts, Luke was able to design a 
pole and its casing that was just the right 
size.  
 
Shows the newly 
printed piece and 
Scott working on 
his computer on 
SolidWorks.  
 
Clip shows Cam 
working on her 
computer in 
SolidWorks. 
 
Clip shows the 
part that did not 
print correctly. 
Clip shows Luke 
working on the 
part and how the 
poles fit together.  
 
10  After we assembled the parts, we each tried it on to 
make sure it fit all of us.  
 
Shows students 
assembling the 
parts and trying it 
on to see if it fits 
each person in the 
group.  
 
11 2:41 Our finished arm brace meets our engineering goals 
because it can help someone in need and is also 
able to fit many different arm sizes.  
Clip shows the 
finished arm brace.   
 
Group 2 used words like “optimize”, “prototype” and “engineering goals”. The 
students also talked about designing and assembling their parts together. It was interesting 
that the students ended with a description of their project stating that it met their “engineering 
goals” (line 11) because it would help someone. 
Group 5 used the words phase to describe each of their steps in the process in Table 
44. Their video began with the words in line 1, “Phase 1 and 2, understanding the problem 
and developing solutions.” The clip shows the students brainstorming ideas. Next, the 
students in line 2 wrote, “Phase 3, planning and creating solutions.” The students were in the 
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video drawing out their ideas on paper. Next, in line 4, the group wrote, “Phase 4 and 5, 
designing and evaluating” and the clip showed the students designing on the computer. 
Finally, in line 6 the group wrote, “Phase 6, redesigning.” The image that shows on the 
screen is of the final assembled prototype.  
Table 44  
Group 5 Video Summary 
Line 
Number 
Time 
Stamp 
Words used in Video  Description of Video Clip 
1 0:01 Phase 1 and 2 understanding the problem and 
developing solutions 
 
The students are 
brainstorming their ideas 
and telling us about the 
three ideas they came up 
with.  
 
2 
3 
 Phase 3 planning and creating solutions 
• Right now we are designing the 
specifications 
The students are drawing 
out their idea on graph 
paper. 
 
 
4 
5 
 Phase 4 and 5 designing and evaluating 
• The first prototype worked well but the 
fit between the parts was too tight 
 
The students show the 
image in SolidWorks. 
6 
7 
   
1:05 
Phase 6 Redesigning 
• After slightly redesigning the parts they 
fit together nicely 
The image on the screen 
is of the parts put together 
with the charger plugged 
into the wall outlet.  
o 
 Group 5 used a lot of appropriate engineering vocabulary. They were the only group 
to reference the phases of the engineering design cycle, Figure 3. They used the words 
understand, develop solutions, plan, design, evaluate, and redesign. They also used the 
words “specifications”, “prototype”, and discussed the “fit” of the parts.  
The first clip for Group 6 is of the students brainstorming, however, there were no 
words on the screen to describe phase the students are engaged in. The clip shows the 
students outside and they can be heard describing their ideas. In the next clip, the word that 
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appears on the screen is “worktime”, line 2, and the students are working at the computers. 
Next, it shows the students researching videos of the grabbers and the words on the screen 
said, “We watched videos of how other people made grabbers.” Next, the students stated that 
they began to create the grabber in line 4. The students then stated that they sent the files to 
me for printing. Finally, all the parts were connected together to make the grabber. Table 45 
is a summary of the words chosen for the video and descriptions of each video clip.  
Table 45  
Group 6 Video Summary 
Line 
Number 
Time 
Stamp 
Words used in Video Description of 
Video Clip 
1 0:01 No words on the screen The students are 
outside saying their 
ideas of the grabber, 
toy boat, and fidget 
spinner.  
 
2  Worktime The video showed 
the students at the 
computers 
researching.   
 
3  We watched videos of how other people 
made grabbers. 
 
The words quickly 
changed to research 
and still showed the 
students at the 
computers.  
 
4  Then, we began to create the grabber. The students each 
have their own 
laptop.  
 
5  Next, we put all our files into FlashPrint 
and sent it to Ms. Barry for printing.  
 
The clip shows the 
computer screen 
and SolidWorks.  
6 1:56 Lastly, we connected parts together to 
make a whole grabber 
Shows Carly putting 
the pieces together.  
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 Group 6 chose to use engineering words like “create” to describe their process. This 
group also referenced the printing software correctly, “FlashPrint.” However, those were the 
only two engineering words they used to describe their process.  
 In summary, Group 1 used limited engineering vocabulary in describing their project 
and did not accurately describe their engineering-design process using the phases from the 
engineering-design cycle. Group 2 was very descriptive in their design process and used a lot 
of engineering vocabulary. Group 5 was the only group that specifically used the words from 
the engineering-design cycle to describe their process. They also used a good amount of 
engineering vocabulary. Group 6 used limited engineering vocabulary to describe their 
process and did not use the vocabulary from the engineering design cycle.  
Sequence of phases to timelines. Trying to understand what students think that they 
have accomplished to what they accomplished during the project is interesting. The reason 
that it is interesting is that it helps to demonstrate how students are thinking about the 
engineering-design process and the sequences that they deem important. To understand and 
demonstrate how students understood their process versus what they actually did, I used the 
timelines and added their words onto where they did those steps. The students’ words are 
labeled in the sequence in which they appeared.  In this section, I will analyze the sequence 
of what the students thought they did with their produced video and compared that to what 
they did with the recordings I have of their entire project. The students did not have to 
mention the phase exactly for it to count as mentioning the phase of the engineering-design 
cycle, but if their actions or words that were caught on video corresponded to the phase 
definition, it was considered part of the phase. 
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Group 1 began their discussion with describing their “first prototype.” However, their 
“first prototype” does not appear until day 3. Next, the students describe that they “designed 
the part” however, designing took place on day 1 and 2 and it would be necessary to design 
before the part is made. The students describe the next phase as “printing” and printing is not 
a phase in the engineering-design cycle. Printing is necessary to complete the project, but not 
a main aspect of the engineering-design phases. The students then describe that they “revised 
the prototype” and this is accurate according to the timeline, they spent time revising their 
prototype, which also included more planning of the dimensions. The students did not 
mention that they went through the improvement process again on Days 4 and 5. Finally, the 
students end with the term “all our prototypes” and show that they printed 4 different times. 
Figure 17 is the timeline of what occurred for Group 1 with their words mapped onto the 
timeline.  
 
Figure 18. Timeline of Group 1 student process with their words mapped onto the timeline.  
Group 2 was very descriptive in describing their process. They described both 
versions of their prototypes and what happened with each of the parts. The students began 
with (line 1), “we decided to design an adjustable arm brace”, which is true because this was 
the group’s only idea, but the students did not mention that they talked and brainstormed 
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about the idea first. The students then researched and took measurements and according to 
their timeline, these are the events that occurred (lines 2 and 3). The rest of the descriptions 
start to get confusing to map to the timeline because of the way that the students chose to 
organize their engineering design process. The students created prototype 1, which had three 
parts. Day 3 was the first time that the students recorded themselves getting a print. This print 
was of part 1 and part 2 (lines 4 and 5), the arm cuffs, and there is no recording of the 
students getting the side poles, part 3. In the descriptions, the students continue to discuss 
that they started to improve part 2 and this is demonstrated on the timeline during day 3 (line 
5), “ …the part didn’t fit so Cam designed another part with a living hinge so it could open 
and close.”  Day 4 is the first time that the students recorded themselves getting part 3, the 
poles. Day 4 is a clip of the students picking up the poles and demonstrating that the print 
had failed (line 6). “Prototype 1 Part 3: The Adjustable Poles Designed by: Luke. Our first 
print failed.” The group continues to state, “Our second fit, but it came out, so we taped it to 
the test concept.” The next print is indicated on Day 5 with the star and the recording showed 
the students picking up the poles that printed on Day 5.  
The designing and printing of prototype 2 becomes confusing. After analyzing the 
entire video recordings from the project, there are no recordings of the students picking up 
parts 1 and 2, the cuffs, only part 3, the poles were recorded. Day 6 is the final print of the 
poles (line 9), “after our first two attempts, Luke was able to design a pole and its casing that 
was just the right size.” The students mention that they improved their designs for all three 
parts, which is accurate according to the timeline. Figure 18 is the timeline of Group 2 with 
their words mapped onto it.  
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Figure 19. Timeline of Group 2 student process with their words mapped onto the timeline.  
 Group 5 was succinct in their descriptions of the phases and used vocabulary from the 
engineering-design cycle. Group 5 took a different approach and decided to use the word 
phase when describing their process. The students also grouped some of the phases together 
to show that they were doing them at the same time. In line 1, the students stated that they 
began the project by “understanding the problem and developing solutions.” There were not 
any moments of understanding the problem, but they did begin with brainstorming. Next, the 
group stated that they were “planning and creating solutions (line 2).” They discussed further 
that they were “designing the specifications” (line 3), which is what the group did do next, 
because they started their plan. Next, the students stated that they were “designing and 
evaluating” (line 4), which is accurate and took a couple days to complete. In line 5, the 
students evaluated their first prototype, but that is not reflected in the timeline or at least the 
students did not record themselves evaluating their first prototype. Finally, in line 6, the 
group stated that they are “redesigning”, which is indicated in the timeline. The students then 
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gave an evaluation of their final prototype (line 7). Overall, group 5 was correct in describing 
their process compared to their timeline. Figure 19 is the timeline of what occurred for Group 
5 with their words mapped onto the timeline. 
 
Figure 20. Timeline of Group 5 student process with their words mapped onto the timeline. 
Group 6 had a different understanding of their path as well, compared to what 
happened.  Group 6 started their video with a brainstorm, but it was not labeled on the 
screen, but technically they included it. The first classification of the students was in line 1 
“worktime” which was when the students started planning. The students continued their plan 
and “watched videos of how other people made grabbers” (line 2). The students then began 
to “create their grabber” (line 3), which was when they started their design on day 3. The 
students mentioned that they next (line 4) started their 3D print, which is not a phase of the 
engineering design cycle, but is still considered part of designing. The group ended their 
description with stating that they “connected parts together to make a whole grabber” (line 
5). The students did not mention the phases of improving and evaluating their design. The 
group also did not mention the multiple times that they printed their design. Figure 20 is the 
timeline of what occurred for Group 6 with their words mapped onto the timeline. 
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Figure 21. Timeline of Group 6 student process with their words mapped onto the timeline. 
Group 1 and 6 had challenges when it came to describing their projects. Both groups 
did not accurately describe the sequence that they performed during the project. Group 1 had 
their order wrong of how they created their 3D printed parts. The students chose to highlight 
that they designed, printed, and revised the prototype. There was no mention of planning 
their design or evaluating. Group 6 chose to highlight that they worked, researched, created, 
printed, and made the grabber. For the most part this is true, but what they missed was the 
improving phases of the project and evaluating the design.  
Groups 2 and 5 were the most accurate in describing their process as it mapped to 
their timeline. Group 2 used a lot of words to describe their process, the group did not use 
specific names of the phases to state what they did, but used synonyms. For example, for the 
improve phase, the group stated that they “optimized” their design. The students were very 
descriptive in the changes or progress of each part of their design. Group 5 was the only 
group that used the names of the phases in their video. This group also was very accurate in 
their description of the sequence of activities that led to their final product. The videos from 
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Groups 2 and 5 demonstrated that the students had a good knowledge of the engineering- 
design cycle and how to communicate that understanding.  
Although Groups 2 and 5 did well communicating their ideas for this project, the 
groups were different from one another. Group 2 was very descriptive in their process of 
describing each step. They were clear in describing their process so that a non-engineering 
audience could understand their procedure. Through this communication, they were clear 
about how they made decisions for each of their steps and what they had to redo in the 
project. They were clear about the role that each person performed during the project. They 
also used the collective “we” when describing how they worked as a group to accomplish 
certain tasks. For example, “After we assembled the parts, we each tried it on to make sure it 
fit all of us.”  
Group 5 was very linear in their description of their process. Different from Group 2, 
they used the model that they were familiar with to describe their engineering-design process. 
They did not offer any other insight into why they made their decisions during the design 
process like Group 2. Instead of indicating how each member of the group contributed to the 
design the group decided to discuss their process as one voice and used the term, “we.”  
Summary of Results 
The first part of the findings was to demonstrate how students are acting like an 
engineer, and the analysis helped to answer my first research question; how do design 
projects promote acting like an engineer? Excerpts from their recordings were displayed to 
demonstrate the actions and vocabulary that students were engaged in during the project. 
Through the excerpts of the video clips, a few themes emerged: 1) students spent little to no 
time in the understand phase 2) during the brainstorm phase, students would revert back to 
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the understand phase momentarily, and 3) all groups reasonably followed the sequence of the 
engineering-design cycle. 
Students did not spend very much time trying to understand the project. The reasons 
for this could have been that they did not record that part of their discussion or they felt that 
they did not have to start their project at that point in the cycle because I went over the 
project as a class. Group 3 was the only group that spent time in the understand phase, which 
was 30 seconds. In retrospect, the understand phase might not be distinct from the 
brainstorm phase. Mentzer, Becker, and Sutton (2015) discovered through a design think 
aloud protocol with freshmen high school students that students engage in design problems 
with scarce understanding from the client’s perspective.   
There were elements of reverting back to the understand phase during the brainstorm 
phase. Group 1 referred back to the understand phase when they were trying to decide on the 
parts to create and referred back to requirements of the number of parts needed. Group 2 also 
reverted back to the understand phase momentarily when they were trying to decide on 
pieces. Group 5 referred to the constraint of the project and framed their brainstorming 
around helping people.  When Group 6 was frustrated with brainstorming, they also referred 
back to the constraints of the project. Mentzer et al. (2015) discovered that high school 
freshmen generally went with their first idea when brainstorming and had trouble with idea 
generation. Groups 1 and 2 generated 1 idea and decided to design that idea fairly quickly. 
However, Groups 5 and 6 did come up with several ideas and took longer in this phase.  
The variation in time spent in the plan phase was different among the groups. The 
times ranged from 11 minutes to 45 minutes. During this phase, the degree to which the 
students chose to plan also different. Some groups quickly sketched out an idea, without 
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discussing measurements and some groups created detailed plans of their ideas with 
dimensions.  
In the next phase, the creation of their first prototype design time also varied among 
the groups. Group 1 spent the longest designing and created 4 prototypes. The initial design 
of their first prototype took over an hour to create. The subsequent 3 prototypes also took 
over an hour to create. Group 2’s initial design time was 14 minutes, but later in the improve 
phase, they spent an hour and 54 minutes designing. Group 5 took the longest to create their 
initial prototype, almost 2 hours, however, their revision of their project during the improve 
phase only took 11 minutes. Group 6 spent 35 minutes in their initial design of their first 
prototype and their revision in the improve phase took an hour and 33 minutes.  
The evaluation phase was also where students did not spend a lot of time evaluating 
their projects. With 3D printing, the project either worked or needed improvements, so this 
could have led to the short time span spent in this phase. The times ranged from 1 minute to 
18 minutes spent in this phase.  
The next part of my analysis helped to answer my second research question; how do 
high school students communicate about the engineering design process? The groups 
generally followed the sequence of the engineering-design cycle. They began by 
brainstorming, planning, designing, evaluating, and onto the improvement of their project, 
which for some groups brought them back to other phases. There were exceptions to the 
engagement of the engineering-design cycle. The groups that were analyzed in this paper did 
not engage for very long in the understand phase. This lack of connection with the 
understand phase could mean that it might not have been such a distinct phase and from the 
students’ perspective, they may have thought it was the same as brainstorming.  
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The videos the students created were drastically different from one another. Groups 1 
and 6 did not communicate their process very well and did not reference the phases of the 
engineering-design cycle. This could have been because the students have not analyzed their 
own thinking before. An activity or mini-project before the students had to analyze their 
videos could have better prepared the students.  
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Chapter 5: Discussion 
This study will begin with a summary of how the study answered my research 
questions. Next, I will describe the contributions to the literature and probable future 
research. Finally, the chapter will conclude with implications for teaching. 
Research Question 1- Given an engineering design project, how do students high school 
students act like an engineer? 
The students were able to act like an engineer in high school. For the most part, the 
students engaged in the phases of the engineering-design cycle. This engagement in the 
phases and the engineering-design cycle promoted acting like an engineer.  
Atman et al. (2007) discovered that the difference between expert designers and 
novice designers was the amount of time spent in the problem-scoping phase and gathering 
information. This study was completed with college students, but the ideas can still be 
applicable to high school students. To understand how much time was spent gathering 
information and problem scoping, “problem scoping is defined as the stage of the design 
process during which designers explore the relevant issues and set the boundaries of the 
problem they will continue to solve”; the phases that are the most similar to this in this study 
were the understand phase, the brainstorm phase, and the planning phase (Atman et al., 
2008, p. 235). Groups 1, 2, and 6 spent the least amount of time in these phases, 13 minutes, 
29 minutes, and 35 minutes respectively. According to Atman et al. (2007), these groups 
would have been classified as novice designers. However, Group 5 spent 1 hour and 13 
minutes in these phases, a third of the total time spent on the project. These students 
exhibited behaviors of expert designers, which was later confirmed when minimal changes 
were needed to be made to their initial design. Furthermore, Crismond and Adams (2012) 
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defined the differences between beginning and informed designers. Informed designers try to 
understand the problem and come up with many ideas during the brainstorm phase 
(Crismond & Adams, 2012). Group 5 spent a lot of time coming up with ideas for their 
project and comparing the ideas to the constraints of the project.  
The idea of novice and expert designers put forth by Atman et al. (2007) brings up 
another idea, the difficulty level of the designs that were chosen. Groups 1 and 5 specifically 
mentioned the degree of difficulty when brainstorming about their ideas. Group 5 finally 
decided on their idea because it seemed easier than the other ideas that they had 
brainstormed. Their final product was prisms, which are not hard to create in the CAD 
program, but their understanding how the parts to fit together did make the final design 
challenging. In contrast, Group 6 did not spend a lot of time in any of the phases and they 
were continually off-task. However, the product they chose to create was a grabber, which 
design-wise is hard to create and the group did spend a lot of time discussing how the 
grabber functions.  
The goal of the project was to create two prototypes, and part of this project’s grade 
was to have the final products have sophistication of design. This meant that the groups 
needed to not use standard shapes provided in the CAD program, their design was different 
than a mainstream product, and they used special features in SolidWorks such as the fillet 
feature, which creates rounded edges. All the groups accomplished sophistication of design. 
Group 1 created a spork from scratch and the attachments proved hard to create because this 
group created 4 prototypes. Group 2 used cylinders and rectangle shapes, but had an intricate 
sliding design so the brace could fit multiple size arms. Group 5 used prisms, which is an 
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easy shape to create in SolidWorks. However, each attachment fit together with a sliding 
mechanism. Group 6 created the grabber, which was designed with unusual shapes.  
Crismond and Adams (2012) consider creating detailed drawings a characteristic of 
an informed designer. During the planning phase, two groups created detailed sketches of 
their ideas, Groups 1 and 5. Furthermore, during the improvement phase informed designers 
make decisions based upon feedback of the design (Crismond & Adams, 2012). Groups 1 
and 5 made changes to their prototypes based upon the feedback of the previous prototypes.  
Research Question 2- How do students communicate about the design process?  
The engineering community has mandated that communication be taught in 
engineering colleges and that students understand that engineering is more than just 
knowledge. Communication is a key aspect of being a great engineer (ABET, 2003).  In 
addition, the TIDEE engineer profile work began to give a profile of an engineer and this 
profile included communication (Davis et al., 2006). More specifically, they believe that to 
communicate means that an engineer “prepares a message with the content, organization, 
format, and quality fitting the audience and purpose” (Davis et al., 2006, p. 446).  The 
purpose of this next section is to summarize how the groups communicated like an engineer. 
Crismond and Adams (2012) classified informed designers as people that practice reflective 
design thinking.  
Group 1 did not communicate very well when it came to explaining their process to 
an audience. Their explanation of their process began with prototype 1, then they went into 
designing. The group also did not explain that they went through the revision process 
multiple times, which was a common weakness amongst the other groups as well. This group 
went above and beyond the requirements of the project and created 4 prototypes of the 
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project when the minimum requirement was to create 2 prototypes. Group 1 used appropriate 
vocabulary when describing their process because they included the words “design” and 
“prototype”.  
Group 2 was very descriptive in their process and the steps they took to create their 
prototypes. The students were also very accurate in their descriptions of the process they took 
to do their project. The group chose to use the words “design”, “prototype”, “optimize”, and 
“engineering goals”.  
Group 5 was also accurate in their description of their process. This was the only 
group that used vocabulary from the engineering-design cycle. They separated their process 
into phases and grouped some of the phases together. The vocabulary that they used was 
“phase”, “understand”, “develop solutions”, “planning”, “creating”, “specifications”, 
“evaluating” and “redesigning”. 
Group 6 was challenged in their description of their process. They did mention that 
they researched their idea and then created it. Part of what they thought was important was 
that they gave the files to me to get printed. This group also did not mention how they 
redesigned and improved parts because the end of their description was that they connected 
the parts together.  
To begin to summarize how students communicated like an engineer, I will recap 
how they identified the engineering-design cycle, then I will describe how the students 
accurately conveyed their sequence of the design cycle, and overall how they communicated 
like an engineer. Group 5 was the only group that used the phases of the engineering-design 
cycle to describe their process. Group 2 was very descriptive in their process, but did not 
specifically use the vocabulary from the design cycle. Groups 2, 5, and 6 were accurate in 
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their descriptions of what they did during the project and their descriptions were correctly 
mapped onto their timelines. Groups 2 and 5 were the best at communicating their process 
through accurate descriptions and their use of vocabulary. Crismond and Adams (2012) 
would classify these groups as informed designers because they had a metacognitive 
reflective process. Groups 1 and 6 used limited engineering vocabulary and Group 1 did not 
explain their design process very well. These groups would be classified as beginning 
designers based upon the definitions of Crismond and Adams (2012) because they did little 
self-reflection.  
The second section of the results was an examination of what the students understood 
about their process through the use of the videos they created. Table 46 is a summary of what 
phases the students mentioned in their video.  
Table 46 
Summary of Phases Mentioned by Groups 
Phase Group 1 Group 2 Group 5 Group 6 
Understand     
Brainstorm     
Plan     
Design     
Evaluate     
Improve     
 
Group 5 was the only group to mention all of the phases of the engineering design 
cycle in their video. Group 2 also did a reasonable job mentioning the phases of the 
engineering design cycle. They missed mentioning the understand and evaluate phase. Group 
6 only mentioned with words the plan phase and design phase. Their first clip was of them 
brainstorming ideas, but there was no label to this time given by students. Group 1 also 
mentioned two phases; they discussed design and improving their design.  
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The Engineering Design Cycle 
The type of engineering design cycle that was used in this study was different than 
what appears in other literature. This study went beyond creating a lesson plan for teachers 
and the purpose was to understand how engineering design is implemented in the classroom. 
The design cycle used with the students, Figure 3, expanded what has been proposed for 
elementary school students. Cunningham and Lachapelle (2014) suggested using 5 phases of 
the engineering design cycle. Figure 3 used 6 phases for high school students to demonstrate 
the engineering design process. This design cycle uses less phases than other suggested 
design cycles for high school students (Cunningham & Lachapelle, 2014). Figure 1, proposed 
by the NSF uses 7 phases to demonstrate the engineering design cycle. Figure 3, used in this 
study, incorporated 6 phases to use with high school students. In contrast to the 5 phases used 
with Cunningham and Lachapelle (2014) that combined two of my phases into one. They 
used “Create and test a design” where my design cycle split this into two different phases. 
The NSF (2003) had 7 phases, with the addition of a “Research” phase. My research 
demonstrated that 6 phases was easier for the students to grasp and remember during the 
project.  
Figure 3 begins with the understand phase which is a common phase used amongst 
other design cycles. Students generally struggled explaining their ideas during this phase. 
One of the reasons for this could have been the wording chosen. Cunningham and Lachapelle 
(2014) called the understand phase asking questions, English and King (2015) coined the 
understand phase as the problem scoping phase, McKenna and Agogino (1998) called the 
understand phase defining a problem, Mehalik et al. (2008) name the first phase- describing 
the situation, Apedoe et al. (2008) began their cycle with- creating a design, and Mentzer, 
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Becker and Sutton (2015) started with problem scoping, which included the problem 
definition.  Mentzer, Becker, and Sutton (2015) discovered in their research that high school 
Freshmen and Seniors spent the same amount of time in this phase. However, the time spent 
in this phase differed compared to experts. Experts spent significantly more time in this 
phase than high school students. The authors however, did not describe what students did in 
this phase, only referenced time spent versus experts. 
The assessment of the engineering design process by having the students record 
themselves during the project was different than other literature referenced in this paper. 
Most literature references outcome scenarios and did not specifically demonstrate how 
students learn the engineering design process. There were trade-offs with this approach, the 
students might not have been able to capture all of their process during the project. However, 
it was a successful method to capture the work of multiple groups at once.  
Contribution to the Research Literature 
 This research study helped to fill the gaps in the literature because this was a study 
that was primarily focused on high school students. More specifically, this study was done in 
an engineering course and the purpose was to see what students understood about the 
engineering-design process. The students were also a part of a Career Academy that focuses 
on engineering, therefore, the students are interested in the projects that were chosen.  
 The type of engineering project chosen for the study also contributed to the literature. 
There was an intense focus on what the students could do towards engineering through video 
recorded observations. From the recorded observations, students created videos to explain 
their engineering design process, this allowed for me to assess what the students have learned 
regarding engineering design. The length of the project, over 7 weeks was also different than 
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the time spent amongst other engineering design studies. The time length allowed students to 
spend more time on their project. Additionally, the engineering design cycle that was chosen 
by me was age appropriate for students. The number of steps was not too overwhelming for 
students to engage in during the project and was doable for freshmen students in engineering.  
 Additionally, the type of analysis that was completed with the data enhances the 
literature. There was a focus with the analysis on what the students produced during the 
project. More specifically, what they could do towards engineering design in each of the 
phases. Furthermore, there was a focus with this study to understand how the students 
worked together during the phases of the engineering design cycle.  
Furthermore, communication was a focus with this version of the engineering design 
cycle, which was different than the current literature regarding the engineering design 
process.  The NAEP TEL assessment highlighted that 11% of eighth grades students could 
explain their rationale for their design (NCES, 2016). The TEL assessment highlights the 
importance of being able to communicate about design. This study focused on understanding 
how students communicate and if they can communicate about the design process. This study 
demonstrated a new way to measure communication as it relates to the engineering design 
process. Crismond and Adams (2012) discussed the differences between beginning and 
informed designers when it comes to reflective thinking. Informed designers practice 
reflective thinking and can communicate about their process (Crismond & Adams, 2012). 
This study helped to alert the ideas of including communication when designing.  
Future Research 
This study was completed with high school freshmen. It would be interesting to 
understand the learning trajectory of high school students as they learn more about 
  
 
141 
 
engineering design. Following students as they progress and learn more engineering skills in 
high school and compare how they understood engineering design as a senior in high school 
could have interesting implications for engineering design. An interesting faction of research 
could include why Mentzer et al. (2015) discovered that there were no significant differences 
between high school Freshmen and Seniors. Furthermore, a longitudinal study of students 
through college and the persistence of students in engineering majors would be a useful 
study. Would participating in an engineering program in high school influence the 
determination of engineering majors later? 
One major limitation of this study was the video that was recorded by each group. 
There were two issues with the video, one was that the students recorded themselves during 
this process and decided where to place the camera. There was not a “researcher” to set-up 
the camera and make sure everything is captured in the same way for each group. Some 
groups did not record every part of their project whether it was during the understand or 
evaluate phases. The other limitations with the video were the direction that the camera was 
placed. If the students were working on computers and the camera was facing them, I would 
have to assume that they were working on the project.  The positive parts to the students 
recording themselves were that they took ownership of the videos and would often treat the 
camera as a confessional and talk directly to the camera about their thoughts. Another 
limitation with this study of only including video data was that I did not interview the 
students after the project to really understand how they were thinking about the engineering-
design cycle. Since this is a qualitative study there is lack of generalizability.  
One of the key ideas for future research would be how to better assess student’s 
understanding of the engineering design cycle. How can we measure a student’s 
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understanding of engineering design if they have participated in different projects? More 
specifically, thinking about how to effectively start design thinking in students in earlier 
grades and consider how to foster design thinking in those students may improve the 
participation of U.S. in engineering majors in college.  
Another aspect of future research could look at the communication within the groups. 
Given the clear contrast with communication between Groups 2/5 and Groups 1/6 it would be 
interesting to examine student roles, motivation to complete the task, and the outcomes of the 
project. Additionally, students could watch expert engineers communicating and working 
through the design process as model. Giving students more examples of what each phase 
looks like would help students to understand the design process.  
Implications for Teaching 
With the emergence of the NGSS and the inclusion of engineering in the standards, it 
is imperative that we look at how pre-college students can learn engineering. There is not a 
lot of high school literature regarding how students understand engineering in an engineering 
course. The literature that was discussed in this paper by Apedoe et al. (2008) had students 
engaging in engineering design in a science classroom versus this study, which took place in 
an engineering course.  
Since the students struggled with the understand phase, this could be remedied by 
setting up the problem so that students are forced to engage with this phase. For example, 
students could have a client that is requesting a product to help them with a task. The student 
would then need to understand the client’s needs to create the product. For example, Walz 
and Christian (2017) engaged the community in their projects and had the community create 
design projects for their community college students.  
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The students were able to learn the engineering-design cycle and apply what they had 
learned from the year. This demonstrates that the engineering-design cycle is an effective 
method for students to access engineering. I think the engineering-design cycle that I used in 
this research was an appropriate length for high school students, which included 6 phases. 
The complexity of the project was also appropriate for high school freshmen because this 
could have been their first time seeing the engineering-design cycle.  
I also think there was value in the videos that were created by the students during the 
project. Creating a video is a different method to assess the student’s understanding of the 
design process. The video gave students practice in communicating their ideas and 
procedures to an audience and by using the videos it was easier for students to pick specific 
clips that demonstrated their process, versus writing a paragraph. The video portion of the 
project was also different than the current literature. Researchers would record students, but 
the students were not in charge of the recording and then choosing clips to demonstrate their 
process. To clarify to students the importance of including communication in an engineering 
design, I could include communication as one of the steps in the design process, rather than 
offering merely an idea that they may consider. Walz and Christian (2017) included 
communication as the final step of their design process and suggest that the students need to 
communicate the results to the client.  
I made the decision before the study began to give the students autonomy during this 
project. It was the culminating project of the year and they had to apply what they had been 
previously taught about engineering and the engineering design cycle. After analyzing the 
process that the students went through, I would give more structure to freshmen pre-
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engineering students. Autonomy might be better for the upper grade levels after the students 
have had multiple years of engineering.  
When this project is done again by future engineering freshmen, I would definitely 
set-up the project differently. One of the constraints of the project was that the students 
needed to design a product to help someone. This term was loosely defined for students and 
students could benefit from understanding the constraints more. For example, students could 
interview people to determine products that people need to help them.  
To create a worthwhile design projects for students to engage in, Cunningham (2017) 
stated that the project needed to include certain elements. All design projects should include 
some form of an engineering design process for students to follow (Cunningham, 2017). 
There should be a method for students to assess their design solution, which could include a 
rubric or a process for students to follow to assess their solution (Cunningham, 2017). 
Finally, an engineering design project should connect with mathematics or science because 
this allows students to make connections between all three disciplines (Cunningham, 2017). 
Taking into consideration these factors, in a future engineering design project I would create 
a focus on the understand phase, discuss with students how to evaluate their projects, and 
make sure that the connection to math and science is integral to the design project.   
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Appendix A: Handout for Engineering Design Process Project 
 
 
 
 
 
  
 
153 
 
 
Phase of the Process Description 
Understand: 
Identify the needs 
and constraints  
Engineers ask critical questions about what they want to create, 
whether it be a skyscraper, amusement park ride, bicycle or 
smartphone. These questions include:  
What is the problem to solve? 
What do we want to design? 
Who is it for? 
What do we want to accomplish? 
What are the project requirements? 
What are the limitations? 
What is our goal? 
Brainstorm: 
Develop Possible 
Solutions 
This includes talking to people from many different backgrounds 
and specialties to assist with researching what products or solutions 
already exist, or what technologies might be adaptable to your 
needs. 
 
You work with a team to brainstorm ideas and develop as many 
solutions as possible. This is the time to encourage wild ideas and 
defer judgment! Build on the ideas of others! Stay focused on 
topic, and have one conversation at a time! Remember: good 
design is all about teamwork! 
Plan: Select a 
Promising Solution 
For many teams this is the hardest step! Revisit the needs, 
constraints and research from the earlier steps, compare your best 
ideas, select one solution and make a plan to move forward with it. 
Create: Build a 
Prototype 
Building a prototype makes your ideas real! These early versions 
of the design solution help your team verify whether the design 
meets the original challenge objectives. Push yourself for 
creativity, imagination and excellence in design. 
Test and Evaluate 
Prototype 
Does it work? Does it solve the need? Communicate the results and 
get feedback. Analyze and talk about what works, what doesn't and 
what could be improved. 
Improve: Redesign 
as Needed 
Discuss how you could improve your solution. Make revisions. 
Draw new designs. Iterate your design to make your product the 
best it can be. 
 
And now, REPEAT! 
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Topic Description Points Due Date 
3D printing  Each person 
designs a part 
 Two prototypes 
 Sophistication of 
design 
15 points for each prototype 
(2) 
 
15 points for sophistication 
 
 
45 points total 
During 
finals 
June 14 
Video Make a video (using the 
video data you recorded) 
demonstrating each of the 
phases of the engineering 
design process. 
 
Your video should show 
your process using the 
engineering design 
phases.   
 
 
30 points 
 
 
During 
finals 
June 14 
 
Sophistication of Final Design  
5 points 10 points 15 points 
 Using standard shapes 
provided in SolidWorks 
 No special features used 
 Design is the same as 
mainstream products 
 Using standard shapes 
 Using special features in 
SolidWorks (fillets, etc.) 
 Design is similar to a 
mainstream product 
 Using non-standard 
shapes 
 Using special features in 
SolidWorks (fillets, etc.)  
 Design was innovative 
 
 
